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ABSTRACT
Cryptococcus neoformans is an environmental basidiomycetous fungus and
opportunistic pathogen that primarily infects the immunocompromised patients. The
ability to adapt to mammalian body temperature is essential for survival and successful
virulence. Cryptococcus neoformans relies on a multiple complex signaling network and
virulence factors for the adaptation and survival in the environment of human host.
This dissertation presents result of genetic screen assay performed on 4,031 gene
knockout strains of C. neoformans. The analysis has resulted in identification of 46 genes
with significant contribution to the maximum temperature at which C. neoformans can
proliferate. Our research described previously uncharacterized genes that contribute to
adaptation to growth at elevated temperature. A mutant that lacked septin Cdc11 was
among those with the highest impact on high temperature tolerance.
Septins are conserved filament - forming GTPases that play important role in
cytokinesis, cell surface organization, and morphogenesis. Previous studies have
demonstrated that septins are essential for growth of C. neoformans at the human body
temperature. Analysis of changes in gene expression in wild type and septin cdc12Δ
strains grown at 24°C and 37°C revealed that loss of septin compromises cellular
response to heat and osmotic stress, metal ion transport and autophagy. Additionally, we
discovered that deletion of septins in C. neoformans is compensated by changes in
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expression of over 130 genes. Gene described as CNAG_05305 presented the highest
contribution to cell survival after loss of functional septin complex.
Cryptococcal transient receptor potential channel, Flc1 is one of that contribute
to adaptation to growth at elevated temperature. In budding yeast, Flc1 homologues has
been shown to play significant role in in the cell growth regulation, calcium homeostasis,
cell wall integrity, response to osmotic shock and flavin transport. Using molecular
genetics methods, I discovered that Flc1 is important for regulation of calcineurin
pathway, vacuolar fusion, and response to osmotic stress. Microscopic observation
revealed that Flc1 plays critical role in capsule production and organization of the cell
wall. Finally, in vivo experiments in macrophages, Galleria mellonella and mouse model
demonstrated that Flc1 is essential for virulence of C. neoformans. These results
demonstrate complexity of system involved in adaptation to human host in Cryptococcus
neoformans.
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CHAPTER ONE
LITERATURE REVIEW

Phylogenetics and pathogenicity of Cryptococcus neoformans.
Cryptococcus neoformans is an environmental basidiomycetous fungus which
belongs to the class Tremellomycetes (Srikanta, Santiago-Tirado, and Doering 2014).
Current classification system divides the genus Cryptococcus into thirty-seven different
species (Chae et al. 2012). Previously, C. neoformans was separated into two variates
including C. neoformans var. grubii and C. neoformans var. neoformans, known currently
as C. deneoformans (Cogliati 2013; Idnurm et al. 2005). C. neoformans can be found in
different environments throughout the world and is commonly associated with pigeon
dropping (Chae et al. 2012). Environmental and serological studies showed that people
residing in large cities with big populations of pigeons are exposed to a infections with C.
neoformans, despite having fully functional immune system (Alanio 2020; Chae et al. 2012;
Goldman et al. 2001).
C. neoformans primarily grows in the environment as a unicellular budding yeast
and produces hyphal forms during mating (Lengeler et al. 2002). Cryptococcus has a
bipolar mating system with two opposite mating types (MATα and MATa). Mating type in
C. neoformans is determined by the MAT locus that contains more than 20 genes and has
a significant impact on virulence (Nielsen et al. 2005). Studies have shown that majority of
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cases human cryptococcosis are caused by infection with the α mating type strain (Fraser
et al. 2004). Additionally, experiments performed in the mice model showed that α matingtype strain JEC21α was more virulent than the a mating-type strain JEC20a (Kwon-Chung,
Edman, and Wickes 1992). Moreover, α strain showed better efficiency in colonization of
the central nervous system than the a mating-type strains (Kirsten et al. 2005).
Infection with C. neoformans occurs by the inhalation of spores or desiccated yeast
(Botts and Hull 2010; Rajesh et al. 2009). Infection in patients with competent immune
systems is asymptotic and usually cleared from lungs. In some cases, initial colonization of
the lungs can develop into a latent infection or turn into pulmonary cryptococcosis
(Kronstad et al. 2011). Even though pulmonary cryptococcosis occurs more frequently in
patients without immune disorders, the severe symptoms are more common in
immunocompromised patients (Fisher, Valencia-Rey, and Davis 2016; Shirley and Baddley
2009; Thambidurai et al. 2017). C neoformans infections are dangerous for
immunocompromised patients with underlying conditions such as diabetes, acquired
immune deficiency syndrome (AIDS), hematological malignancy, and tumors (Mitchell and
Perfect 1995). Additionally, cryptococcosis can be dangerous for recipients of organ
transplants that undergo corticosteroid treatment (Kontoyiannis et al. 2001; Schmalzle et
al. 2016). Cryptococcosis is one of the most common fungal infection in patients after solid
organ transplantation with very high mortality rates (14 - 19%) (George et al. 2017; Pappas
et al. 2010; Ponzio et al. 2018). Cryptococcal lung infections in immunosuppressed patients
can turn into a more acute form, where initially localized infection becomes more
12

disseminated thoracic disease, depending on the immune response of the patient
(Kanjanapradit et al. 2017; Shirley and Baddley 2009; Thambidurai et al. 2017).
After successful invasion of the lungs, Cryptococcus may disseminate to the central
nervous system (CNS) causing meningitis (Williamson et al. 2017). Cryptococcal meningitis
occures in nearly 220 000 patients each year and responsible for almost 15% of all deaths
in HIV-infected individuals (Kashef Hamadani et al. 2018). In the United States,
cryptococcal meningitis occurs in more than 3400 patients and usually is associated with
HIV infections or haematological cancer chemotherapies (Chamilos, Lionakis, and
Kontoyiannis 2018; George et al. 2018). Cryptococcal meningitis is often associated with
several symptoms including fever, headache, malaise, and altered mental status over
several weeks, and substantial weight loss (Bicanic and Harrison 2004; Kashef Hamadani
et al. 2018; Williamson et al. 2017).
Virulence factors of C. neoformans.
C. neoformans has several virulence factors that contribute to survival in the
human host (Perfect et al. 1998). The main factors that allow C. neoformans to establish
successful infections are the ability to grow at mammalian body temperature 37°C, the
presence of polysaccharide capsule, which protects cells from phagocytosis and phenolic
melanin, which protect fungal cell from oxidative damage (Bloom and Panepinto 2014;
Dykstra, Friedman, and Murphy 1977; Glazier and Panepinto 2014; Y Wang, Aisen, and
Casadevall 1995). Another important elements of cryptococcal virulence are enzymes that
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belong to inositol metabolism pathway, and ability to form titan cells (Djordjevic 2010;
Evans et al. 2015; Heung et al. 2004; Luberto et al. 2001; Siafakas et al. 2007).
Adaptation to grow at 37°C is substantial for opportunistic fungal pathogens to
successfully colonize the host (Glazier and Panepinto 2014). In the environmental niches
C. neoformans is rarely exposed to temperatures exceeding 35°C, but during the infection
of human host cells must adapt to the growth at temperature of mammalian body (Bloom
and Panepinto 2014; Glazier and Panepinto 2014). Major components of the high
temperature stress response system are linked to the ER stress response,
posttranscriptional reprogramming, cell wall maintenance and plasma membrane integrity
(Garcia-Rubio et al. 2020; Glazier and Panepinto 2014). The calcineurin pathway, protein
kinase C1 activated MAP kinase (Mpk1) pathway and Ras1-dependent pathway play a
major role in the adaptation to thermal stress (Alspaugh et al. 2000; L. W. C., J., and K.
2013; Chow et al. 2017; Kraus et al. 2003; Park et al. 2016).
The polysaccharide capsule of C. neoformans has been found to be one of the most
important elements that contributes to virulence of this pathogenic fungus (McClelland,
Bernhardt, and Casadevall 2006). The cryptococcal capsule is composed of two major
polysaccharides, glucuronoxylomannan (GXM) and galactoxylomannan (GalXM) (Cherniak
and Sundstrom 1994; Merrifield and Stephen 1980). In addition to polysaccharides,
capsule contain mannoproteins. GXM comprises up to 95% of the total capsule mass and
its core is formed from a linear α-(1,3)-mannose with β-D-xylopyranosyl and β-(1,2)-
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glucuronic acid residues attached to the first mannose (Indrani et al. 2003; Merrifield and
Stephen 1980). General architecture of the GXM structure vary depending on the serotype
of C. neoformans. GXM is important for the inhibition of the phagocytosis and reduction of
host immune responses due to decreased level of antigen presentation to the T cells (Retini
et al. 1996). Moreover, GXM is involved with FcRγII expression in cells that belong to the
mononuclear phagocyte system (MPS), which results in promotion of inhibitory signal that
significantly suppresses immune response (Walenkamp et al. 1999). Additionally, GXM was
reported to induce secretion of suppressor of proinflammatory cytokines, IL-10 and IL-8 in
human monocytes and neutrophils (Retini et al. 2001; Walenkamp et al. 1999). In
conclusion, glucuronoxylomannan plays an important role in immunosuppressant during
Cryptococcal infections (Decote-Ricardo et al. 2019).
GalXM comprises less than 5% of the capsule mass and is formed from an α (1, 6)galactan containing β (1, 3) oligosaccharyl substitutions at alternate residues of galactose
(Retini et al. 1996; Walenkamp et al. 1999). The major role of GalXM has been
demonstrated for induction of apoptosis of human T cells and macrophages (Pericolini et
al. 2006; Yauch, Lam, and Levitz 2006). Additionally, GalXM induced IL-6 release in
monocytes suggesting that GalXM and GXM have different roles in modulation of the
immune system (Delfino et al. 1997).
Cryptococcal melanin, produced by the enzyme laccase is a negatively charged,
hydrophobic pigment, composed of phenolic and/or indolic polymers (J D Nosanchuk et al.
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1999). Due to its insolubility in aqueous or organic solvents and chemical complexity, the
exact structure of melanin remains unknown (Joshua D Nosanchuk, Stark, and Casadevall
2015). General structure and composition of melanin depends on the available substrate
(Casadevall, Rosas, and Nosanchuk 2000; Joshua D Nosanchuk, Stark, and Casadevall
2015). Production of melanin in C. neoformans requires exogenous substrate, and its
synthesis is catalyzed by laccase (L. Liu et al. 1999). An enzyme that is expressed in lownutrient conditions (L. Liu et al. 1999; J D Nosanchuk et al. 1999). Melanin deposited in the
cell wall is important for survival of the pathogen within the host, by playing essential role
in reduction of damage caused by high temperature and oxidative stress (J D Nosanchuk
et al. 1999; Y Wang and Casadevall 1994). Additional functions of melanin in cryptococcal
virulence include reduction of damage from ROS and microbicidal peptides during
macrophage phagocytosis (Doering et al. 1999).
Metabolism of inositol sphingolipids has been shown to be important for
intracellular and extracellular cellular growth (T.-B. Liu et al. 2014). The fungal specific
protein; Inositol-phosphoryl ceramide synthase 1 (Ipc1) is involved in regulation of
phagocytosis and the intracellular growth of C. neoformans in macrophages (Luberto et al.
2001). High inositol concentrations in the mammalian brain plays an important role in
Cryptococcus transmission across the blood-brain barrier (BBB) (T.-B. Liu et al. 2013).
Inositol-dependent stimulation of C. neoformans to cross BBB is tightly corelated with
function of the fungal inositol transporters (Xue et al. 2010). Two major inositol
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transporters, Itr1a and Itr3c showed significant virulence attenuation in murine model
(Yina Wang et al. 2011).
During an infection, Cryptococcus is capable to undergoing unusual morphogenetic
changes. In response to the host environment some of the cells turns into large polyploid
“titan cells”. Cryptococcal titan cells have multiple unique characteristics including an
enlarged, dense capsule, a thickened cell wall, a massive single vacuole and peripherally
localized nucleus and other organelles (Crabtree et al. 2012; Cruickshank, Cavill, and Jelbert
1973; Hommel et al. 2018). Polyploid titan cells are able to produce haploid daughters and
significantly contribute to the development of infection and long-term persistence (G. A.
C. et al. 2021; Hommel et al. 2018). Studies in mouse model demonstrated that titan cells
comprise up to 20% of all fungal cells in the lungs (Crabtree et al. 2012; Hommel et al.
2018). In addition, titan cells are important for transition of cryptococcal cells to the brain
(Love, Boyd, and Greer 1985). The formation of titan cells is regulated by the Ste3a and
Gpr5 receptors that navigate signaling through Gpa1 to activate the cyclic adenosine
monophosphate protein kinase A (cAMP/PKA) signaling pathway (Okagaki et al. 2011). A
recent study showed that the Rim101 pathway is another important regulator of
morphological transitions that determine titan cell formation (Hommel et al. 2018).
Signaling pathways in C. neoformans.
Cryptococcus neoformans is an opportunistic fungal pathogen that is able to adapt
and survive inside the human host, where cells are exposed to multiple different stressors.
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During the infection cryptococcal cells are exposed to high temperature, nutrition
depravation, changes in osmolarity, pH, and oxidative stress. To survive in the harsh
environment of human host C. neoformans must utilize complex signaling networks to
properly adjust intracellular processes (Kozubowski, Lee, and Heitman 2009). Here I
summarize a general mechanism and importance of several signaling pathways that play
the most crucial role in responses to environmental stresses.
The most important mechanism that allows C. neoformans adapt to the osmotic
changes is the high osmolarity glycerol response (HOG) pathway. The HOG pathway is an
evolutionarily conserved mechanism based on stress-activated mitogen-activated protein
kinase Hog1 (MAPK), Pbs kinase (MAPKK) and Ssk2/22 kinase (MAPKKK) (Saito and
Tatebayashi 2004; Waskiewicz and Cooper 1995). In contrast to S. cerevisiae and other
fungi, activation of HOG-dependent gene expression starts with dephosphorylation of
highly phosphorylated Hog1 in response to environmental stresses (O’Rourke, Herskowitz,
and O’Shea 2002; Saito and Tatebayashi 2004). Increased basal Hog1 phosphorylation has
been shown to increase resistance of cryptococcal cells to osmotic, genotoxic, and
oxidative stress (Yong-Sun, Scarlett, and Joseph 2007). In opposition to upstream twocomponent regulatory system in S. cerevisiae, C. neoformans cells contains twocomponent regulatory system named Tco1 to Tco7 (Bahn et al. 2006). The Tco proteins
have redundant molecular functions in melanin synthesis, mating, responses to osmotic
changes, and oxidative stress (Bahn et al. 2006; K.-T. Lee et al. 2016). In response to
osmotic stress, the HOG pathway regulates multiple downstream effector proteins
18

including the water channel protein Aqp1 (Ko et al. 2009). Aquaporin is critical for
competitive fitness and metabolic homeostasis (Meyers et al. 2017). Another downstream
effectors of Hog1. The cation transporters Nha1 (Na+/H+ antiporter) and Ena1 (Na+/ATPase
efflux pump). Both proteins play important role in sodium transport, and additionally Ena1
is involved in K+ transport (Jung et al. 2012). Transcriptomic analysis of Hog1-dependent
gene expression revealed that the Hog1 MAPK regulates expression of more than 500
genes (Ko et al. 2009). Interestingly, expression of the ERG11 and ERG28, two genes
important for ergosterol production, was strongly correlated with the deletion of HOG1
and SSK1, suggesting role of Hog1 pathway in plasma membrane maintenance (Ko et al.
2009).
The target of rapamycin (TOR) pathway is a conserved signaling network that plays
important role in many biological processes in C. neoformans. The TOR pathway is
activated by a multiple environmental signals and plays the role of intracellular nexus for
signaling related to cell growth. In general, TOR acts as an inhibitor for verity of catabolic
processes and activator of anabolic processes. TOR is part of two different multiprotein
complexes, TOR complex 1 (TORC1), which shows sensitivity to rapamycin, and TORC2,
which is not sensitive to rapamycin treatment. In budding yeast, TORC1 is involved in a
metabolic processes, ribosome biogenesis, stress response, and signal transduction, while
the TORC2 is responsible for regulation of the actin cytoskeleton polarization (Cutler et al.
2001; Kozubowski, Lee, and Heitman 2009; So et al. 2019; Wedaman et al. 2003). TORC1
regulate responses to nutrients and nitrogen starvation by phosphorylation of a protein
19

phosphatases regulatory subunit Tap42, which lead to formation of the Tap42-Sit4
complex (Cutler et al. 2001; Jiang and Broach 1999). During the nitrogen starvation,
exposure to low nutrient condition or inhibition with rapamycin TORC1-dependent
phosphorylation of Tap42 is arrested favoring dissociation of the Tap42-Sit4 complex,
which allows Sit4 to activate Gln3 and Gat1 (Cutler et al. 2001; Rutherford et al. 2019).
Gat1 and Gln3 have an important role in nitrogen metabolism, temperature stress
response and virulence (I. R. Lee et al. 2012; Liao, Ramón, and Fonzi 2008). Another
downstream target of TORC1 is a Sch9 kinase that also plays role in a nutrient-sensing
signaling. Additionally, Sch9 is involved in adaptation to oxidative and thermal stresses,
regulation of capsule size, and melanin production (Kim et al. 2009; Young-Joon et al.
2009). Interestingly, the expression of SCH9 is increased in response oxidative stress and
is regulated by the Hog1 pathway indicating that Sch9 creates functional connection
between TORC1 and Hog1 pathways(Young-Joon et al. 2009). Data from budding yest
suggests that TORC1-Sch9 signaling is important for the control of the vacuolar proton
pump (V-ATPase) to stabilize intracellular pH homeostasis (Takeda et al. 2018; Wilms et al.
2017). TORC1 complex is important for regulation of autophagy in fungal cells(Díaz-Troya
et al. 2008; Stephan and Herman 2006). Under nutrient proficient conditions TORC1
complex phosphorylates Atg13 and therefore, deactivates the function of Atg1-Atg13
complex. Atg1-Atg13 complex is the upstream regulator of Atg subfamily, that controls the
formation, expansion, fusion vacuoles and autophagosome (Iwama and Ohsumi 2019;
Kamada et al. 2000; Stephan and Herman 2006). TORC1-dependet inhibition of autophagy
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can be reversed by carbon starvation or rapamycin treatment (Cutler et al. 2001; DíazTroya et al. 2008).
In C. neoformans calcium dependent calmodulin-calcineurin pathway is involved in
multiple cellular functions, including thermo resistance, response to high level of CO2,
adaptation to alkaline pH, cell wall integrity maintenance, and sexual differentiation (R., B.,
and Joseph 2005; Stie and Fox 2008). Calmodulin (Cam1) activity is regulated by changes
in intracellular calcium levels and when the calcium concentration is increased, calmodulin
binds the C-terminal region of calcineurin subunit A (Steinbach et al. 2007; Stie and Fox
2008). Calcineurin complex is composed of two proteins larger, catalytic A subunit (Cna1)
and smaller, regulatory B (Cnb1) subunit, both of which are essential for enzymatic activity
of calcineurin. Activity of calcineurin can be inhibited by addition of cyclosporin A (CsA) and
FK506. In fungal cells CsA binds to the cyclophilin A and FK506 binds to the FKB12 protein.
Both complexes can efficiently inhibit catalytic function of the calcineurin. The Calcineurin
responsive Zinc finger 1 (Crz1) transcription factor is a major downstream effector of
calcineurin, which plays important role in high temperature stress response and virulence
(Chow et al. 2017; Park et al. 2016; Steinbach et al. 2007). In response to the increase in
intracellular calcium level and interaction with calmodulin, calcineurin dephosphorylates
Crz1, which allows for transition of the transcription factor to the nucleus. Study of
differential gene expression in cna1Δ and crz1Δ mutants showed that calcineurin-Crz1
pathway regulates the expression of approximately 102 genes in C. neoformans (Chow et
al. 2017). Genes activated by the calcineurin-Crz1 pathway encodes proteins involved in
21

cell wall maintenance, calcium transport, and production of pheromone, confirming
previous observations that calcineurin is important for calcium homeostasis, mediation of
high temperature response and hyphal elongation during mating (Cruz, Fox, and Heitman
2001; Fox, Cox, and Heitman 2003; Görlach et al. 2000; S. and Joseph 2005). Cna1 and
Cnb1 deletion mutant strains of C. neoformans are dispensable at room temperature but
do not survive exposure to temperature above 35°C and are not pathogenic in animal
models confirming the important role of calcineurin pathway in adaptation to human host
(Fox et al. 2001; Odom et al. 1997).
The role of septins in C. neoformans.
Septins are conserved GTPases, important for cytokinetic apparatus in animal and
fungal cells. Septins has the ability to create heterooligomeric complex, that form higher
order structures at the plasma membrane, including plasma membrane spots, collars, and
rings (Barral and Kinoshita 2008; Glomb and Gronemeyer 2016). In majority of fungal cells,
septins localize at the tips of growing cells or at the site of cell division (Lindsey and
Momany 2006). Septin rings acts as a scaffold to recruit proteins to the mother-bud neck
and diffusion barrier during budding and cytokinesis (Glomb and Gronemeyer 2016; M. et
al. 2005). Data obtained in budding yest suggest that septins have different roles in
formation of the septin complex, where septins Cdc3, Cdc11, and Cdc12 are responsible
for the formation of main filament, and septin Cdc10 play the role in promotion of crosslinking (Barral and Kinoshita 2008; Carroll et al. 1998; Glomb and Gronemeyer 2016). In

22

contrast to S. cerevisiae, where septins are vital for cell proliferation, in C. neoformans
septins are essential for cell survival at temperature of human host but not at room
temperature (Kozubowski and Heitman 2010). The exact mechanism of septins,
contribution to thermotolerance of C. neoformans remains unclear. Increased sensitivity
of septin deletion mutant to treatment with SDS, caffeine and congo red suggests that
septins are involved in the process of cell wall maintenance (Kozubowski and Heitman
2010; Stempinski et al. 2021). Additionally, elimination or chemical inhibition of calcineurin
in septin deletion mutant strains is lethal suggesting a cross-talk between septin complex
and calcineurin pathway (Stempinski et al. 2021). The analysis of virulence in pathogenic
fungi presented evidence that septins are essential for successful infection (Boyce et al.
2005; Momany and Talbot 2017; Warenda et al. 2003; Zhang, González, and Turgeon
2020). Deletion of septin CDC3 and CDC12 significantly decrease virulence of C.
neoformans cells in Galleria mellonella model tested at 24°C (Kozubowski and Heitman
2010). These results suggest that septins contribute to virulence of C. neoformans through
molecular mechanisms that are independent of high temperature stress response.
SUMMARY
In my thesis I presents you a novel approach to analyze the contribution of a single
gene to the thermotolerance of C. neoformans. Our analysis resulted in identification of
numerous genes with a significant contribution to the maximal temperature of growth,
that were missed in the standard growth assays.
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Additionally, temperature gradient assay and RNA sequencing study demonstrated
that septins plays a critical role in adaptation of C. neoformans to the high temperature
stress. Elimination of septins dramatically changes expression of multiple genes involved
in general respond to stress.
Finally, in this study I demonstrated that Flc1 is responsible for proper regulation
of calcium dependent signaling and stress response. Moreover, our results also
demonstrated that elimination of Flc1 lead to failure in chitin distribution, capsule
production and fusion of vacuoles and autophagosomes.
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ABSTRACT
The human fungal pathogen Cryptococcus neoformans relies on a complex signaling
network for the adaptation and survival at the host temperature. Protein phosphatase
calcineurin is central to proliferation at 37°C but its exact contributions remain ill-defined.
To better define genetic contributions to the C. neoformans temperature tolerance, 4,031
gene knockouts were screened for genes essential at 37°C and under conditions that keep
calcineurin inactive. Identified 83 candidate strains, potentially sensitive to 37°C, were
subsequently subject to technologically simple yet robust assay, in which cells are exposed
to a temperature gradient. This has resulted in identification of 46 genes contributing to
the maximum temperature at which C. neoformans can proliferate (Tmax). The 46 mutants,
characterized by a range of Tmax on drug-free media, were further assessed for Tmax under
conditions that inhibit calcineurin, which led to identification of several previously
uncharacterized knockouts exhibiting synthetic interaction with the inhibition of
calcineurin. A mutant that lacked septin Cdc11 was among those with the lowest Tmax and
failed to proliferate in the absence of calcineurin activity. To further define connections
with calcineurin and the role for septins in high temperature growth, the 46 mutants were
tested for cell morphology at 37°C and growth in the presence of agents disrupting cell
wall and cell membrane. Mutants sensitive to calcineurin inhibition were tested for
synthetic lethal interaction with deletion of the septin-encoding CDC12 and the localization
of the septin Cdc3-mCherry. The analysis described here pointed to previously
uncharacterized genes that were missed in standard growth assays indicating that the
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temperature gradient assay is a valuable complementary tool for elucidating the genetic
basis of temperature range at which microorganisms proliferate.

INTRODUCTION
Microbial cells are capable of proliferating within a specific temperature range, which is a
characteristic of a given species or strain’s genetic background. For each species/strain, a
minimum, a maximum and an optimal temperature for growth can be defined (ROSE AND
EVISON 1965; VAN UDEN 1985). Our understanding of the genetic contribution to this specific
temperature span remains incomplete. Microbial cells lack mechanisms to adjust and
maintain their cytoplasmic temperature according to external conditions, in contrast to
their adaptation to other environmental changes such as osmolarity or pH. Rather, cells
need to adapt to new cytoplasmic temperature through mechanisms that are complex and
not fully understood (MITCHELL

AND

LAMPERT 2000; WILLIAMS et al. 2011). Optimal

temperature at which cells can proliferate is likely a polygenic trait, which makes it
challenging to precisely define all contributing genes. An impact of a given gene may reflect
its function in signaling, including sensing the temperature and transmitting the signal, or
its role in a downstream process critical for adaptation to new temperature. Better
understanding of the genetic basis for temperature adaptation is of paramount
importance with various applications. For instance, it is critical for better preparation to
ongoing climate change (LEDUCQ et al. 2014; CAVICCHIOLI et al. 2019), or for improvements
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in biotechnology where cell-based production demands that the utilized cell culture be
resistant to temperature change (ABDEL-BANAT et al. 2010; MATSUSHITA et al. 2016), or in
medicine where such knowledge can be leveraged to cure infections by limiting microbial
growth at mammalian body temperature (GAO AND CHEN 2014).
Adaptation to temperature change is essential for opportunistic fungal pathogens
to successfully colonize the host (LEACH AND COWEN 2013;

DE

et al. 2017). Human fungal

pathogen Cryptococcus neoformans, which normally resides in the environment where it
is exposed to temperatures rarely exceeding 35°C, is capable of growing at 37°C, which
allows it to proliferate in immunocompromised individuals and cause deadly meningitis
(IDNURM et al. 2005; PERFECT 2006; PARK et al. 2009). Elucidating a complex network of C.
neoformans signaling pathways contributing to the adaptation to host temperature
provides opportunity for development of more effective anti-cryptococcal drugs (AZEVEDO
et al. 2016). Critical to growth at 37°C are pathways controlling endoplasmic reticulum
(ER)-stress response and posttranscriptional reprogramming, cell wall and membrane
integrity pathways, including the Ras1-dependent pathway, Pkc1 and Mpk1-dependent
MAPK signaling pathways, and the stress response pathway mediated by calcineurin (ODOM
et al. 1997; BROWN et al. 2007; NICHOLS et al. 2007; KOZUBOWSKI et al. 2009; MAENG et al.
2010; BAHN AND JUNG 2013; GLAZIER AND PANEPINTO 2014).
C. neoformans calcineurin is a conserved serine/threonine-specific protein
phosphatase that consists of a catalytic A subunit (Cna1) and a regulatory B subunit (Cnb1)
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(CLIPSTONE AND CRABTREE 1992; FOX AND HEITMAN 2002). Activity of calcineurin is inhibited by
the immunosuppressive drugs cyclosporin A (CsA) and FK506 via binding to cyclophilins,
cyclophilin A (encoded by two linked genes, CPA1 and CPA2) and FKBP12, respectively
(ODOM et al. 1997; WANG et al. 2001). The regulatory subunit Cnb1 is not only required for
the activity of calcineurin but also mediates binding of both cyclophilin A-CsA and FKBP12FK506 to calcineurin (FOX et al. 2001). Activation of Cna1 involves binding of Cnb1 and
conformational changes in Cna1 triggered by calmodulin (ODOM et al. 1997). Upon stressactivated calcium release, calcineurin dephosphorylates transcriptional activator Crz1,
which promotes translocation of Crz1 into the nucleus and differential expression of
numerous genes involved in stress adaptation (LEV et al. 2012; CHOW et al. 2017).
Interestingly calcineurin also plays Crz1-independent roles in stress response that likely
involve regulation of mRNA storage and processing (KOZUBOWSKI et al. 2011; PARK et al.
2016). How exactly calcineurin contributes to mRNA dynamics in C. neoformans remains
unclear.
C. neoformans mutants lacking septins Cdc3, Cdc11, or Cdc12 are viable at 25°C yet
fail to proliferate at 37°C, suggesting critical role for septins in survival in the host
environment (KOZUBOWSKI

AND

HEITMAN 2009). Septins are conserved filament forming

GTPases that contribute to cytokinesis, cell surface organization, and morphogenesis by
mechanisms that remain obscure (FUNG et al. 2014). The exact contribution of septins to
growth of C. neoformans at 37°C is poorly defined.
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Current in vitro methods to probe for the genetic contribution to growth of C.
neoformans at host temperature include growth tests, either in liquid or on semisolid
media, where cells lacking expression of tested genes are incubated at a specific
temperature, typically 30, 37, or 39°C. Collections of single gene deletion mutant strains
constitute valuable resources that allow testing most of the non-essential proteinencoding genes (LIU et al. 2008; LEE et al. 2016; LEE et al. 2020). A limitation of current
methods is that they do not provide an estimate of the maximum temperature the cells
can tolerate in the absence of a given gene, there referred to as Tmax. Identifying Tmax for
each temperature sensitive strain that carries a deletion of a specific non-essential gene
may help to group identified genes according to values of Tmax and therefore may reveal
previously unavailable information about gene function. Hypothetically Tmax could be
obtained by testing proliferation in a temperature gradient. Methods allowing for growth
of microbial cells, including yeast cells, in a temperature gradient have been described
(LANDMAN et al. 1962; ELLIOTT 1963; WALSH 1977; FOGEL

AND

BRUNK 1998). Surprisingly

though, to the best of our knowledge, such methods have not been utilized to compare
temperature sensitivities among strains of a microorganism lacking specific genes,
especially in the context of screening a collection of strains that lack single non-essential
genes. Would a collection of mutant strains lacking specific genes involved in temperature
adaptation reveal a range of temperature sensitivities, with each mutant being
characterized by a specific Tmax? Or alternatively, would such a screen reveal just a few
discrete values of Tmax, common to specific groups of genes? Given the polygenic character

50

of the temperature tolerance, the first alternative is more likely. However, to the best of
our knowledge, no studies have been published that addressed similar question with
respect to any biological model.
In the present study, we designed and utilized a simple yet robust temperature
gradient assay to define Tmax for a panel of 84 C. neoformans mutants lacking non-essential
genes (strains that failed to grow at 37°C and/or were inhibited at 25°C in the absence of
calcineurin activity in the initial screen of 4,031 mutants). 46 knockouts exhibited a range
of Tmax values that were significantly lower than the Tmax of the wild type control. A strain
lacking septin Cdc11 exhibited a relatively lowest Tmax and was synthetically lethal with the
inhibition of calcineurin. To identify genetic connections with calcineurin and the septins,
we examined cell morphology at 37°C or at 25°C in the absence of calcineurin activity, and
growth in the presence of membrane-disrupting SDS, cell wall damaging agent Congo Red,
the antifungal drug fluconazole (FLC), or inhibitors of calcineurin. In addition, the
temperature gradient assay was utilized under conditions that inhibit calcineurin. Select
mutants were also tested for localization of septins and synthetic interaction with deletion
of septin-encoding gene CDC12. This approach allowed identification of mutants sensitive
to calcineurin inhibition that escaped such identification using current growth assays and
pointed to genes potentially involved in septin complex assembly. Collectively, our analysis
has allowed identification of unique groups of genes that are likely functionally related,
including genes that encode previously characterized proteins as well as proteins whose
functions remain unknown that should help elucidating pathways essential for high
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temperature response in C. neoformans. We propose that the degree of temperature
sensitivity, defined here as the maximum temperature a strain can grow at (Tmax),
constitutes a valuable characteristic that may aid in identification of associations among
genes involved in temperature adaptation.

MATERIALS AND METHODS

Strains, media, and chemicals
Wild type Cryptococcus neoformans, clinical strain H99, was used in this study (PERFECT et
al. 1980). The genetic screening was performed based on the C. neoformans non-essential
gene knock out strain collections generated in the Madhani Laboratory (2015 and 2016
Madhani Plates), obtained from the Fungal Genetics Stock Center (www.fgsc.net) (CHUN
AND MADHANI

2010). Strains generated in this study are listed in Supplementary Data file.

Cells were grown in liquid or semisolid (with 10% agar) yeast extract-peptone-dextrose
(YPD) media (10% yeast extract, 20% peptone, 2% dextrose). To inhibit calcineurin, FK506
(PROGRAF, Astellas, Lot # 5A3284A), and cyclosporin A (CsA, LC Laboratories, Cat. No C6000, kept as a 50 mg/ml DMSO stock) were used. Fluconazole (Alfa Aesar, Cat. No J6201503) was stored as 50 mg/ml DMSO stock. Congo Red was obtained from Sigma (Cat. No
C6277) and sodium dodecyl sulfate (SDS) was obtained from J.T.Baker (Cat. No 4095-02).
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Screen for temperature sensitive mutants (growth spot assay)
A total of 42 96-well microplates containing 4,031 single gene deletion mutants (2015 and
2016 Madhani Plates, stored at -80°C) served as stock cultures utilized in the assays. Each
strain was inoculated into freshly prepared 96-well microplates by transferring ~ 5 μl of the
stock culture into a well containing 100 μl of liquid YPD medium. Plates were then
incubated overnight at 25°C with shaking. Cultures were then refreshed by transferring ~
2 μl of the overnight culture into wells of 96 well plates containing 100 μl of YPD liquid and
subsequent incubation at ~25°C with shaking for 2-3 hours. Subsequently, 2 l of cell
culture of each deletion strain was spotted on semisolid YPD media (or YPD media
supplemented with FK506 at 1 μg/ml) prepared in 1-well microplates (OmniTray, Thermo
Scientific, Cat. 242811) using a multichannel pipette. 1-well microplates containing YPD
were incubated at 25 and 37°C and those containing YPD supplemented with FK506 were
incubated at 25°C. After 2 days of incubation, the plates were imaged and growth of
individual strains was assessed under light microscope (4x or 20x magnification). Inhibition
of growth was judged based on visual inspection of images (performed by three
independent evaluators) and supported by microscopic observations of strains whose
growth seemed inhibited based on images of the plates. Strains that exhibited inhibition
of growth in either test condition, but not the control conditions (YPD, 25°C) were
recorded. The assay for growth at 37°C was performed two times for each strain, whereas
the assay for growth in YPD supplemented with FK506 was performed one time.
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Temperature gradient assay
Cells were preincubated in 1 ml of YPD media at 25°C overnight. Overnight cultures were
diluted 1:10 with fresh YPD, grown for 2 hours at 25°C, and diluted to ~2.5 x 105 cells/ml.
A total of 20 µl of cell suspension (distributed into 8 pipette tips of a multichannel pipette;
2.5 μl in each tip) were distributed as a streak, perpendicular to the longer side of the 1well microplate (OmniTray) prepared with the YPD-based semisolid media. The plate
always included one lane of wild type control strain (H99) and up to 7 tested strains. Even
though the position on the plate had minimal impact on the results (Figure 2D), whenever
possible, the positions where the three replicates of each knockout were spread on the
plate were randomized. The lid of the microplate was sealed with parafilm to reduce
excessive drying of the medium due to high temperature. The microplate was then placed
on the top of heating block of the digital dry bath (VWR digital 2 block heater, Cat. No
131008010) with medium facing down. One third of the plate (30 out of the total width of
86 mm) was settled on heating area with the top and sides covered with aluminum foil (to
avoid heat loss), while the rest of the plate was uncovered and not in direct contact with
the heating block. The dry bath temperature was set to 50°C, which established a gradient
of temperature parallel to the streaked cell suspensions. Plates were imaged after 48 h.
Images were processed with FIJI or ImageJ. To reduce variability in interpreting the position
on the medium corresponding to the temperature where growth no longer occurred, the

54

images were changed to binary images (as illustrated by the example in Figure 2C). A
straight line, perpendicular to the long edge of the plate, was drawn extended from the
edge of the plate corresponding to low temperature to the point where last visible colony
was observed in the binary image. The length of the line was measured. The relative
maximum temperature of growth (TmaxR) was calculated for each strain that was the
percentage of the corresponding distance measured for the control wild type strain (Figure
2C). Each strain was tested in 3 independent experiments and statistical analysis (One
sample, one-tailed T-test, or one sample, two-tailed T-test in case of YPD media
supplemented with CsA) was utilized to establish the significance of the difference
between Tmax of the tested mutant strain and the Tmax of wild type control strain that was
set as 100 (TmaxR, p value<0.05). In addition, a Mann-Whitney U test was performed to
analyze the data assuming that they are not normally distributed. Importantly, all results
confirmed by the T-test as statistically significant were also significant according to the
Mann-Whitney U test. On other hand, a few results were not statistically significant
according to the T-test but were classified as significant based on the Mann-Whitney U test
(Supplementary Data file). We decided to focus on genes for which T-test indicated
statistical significance.
Microscopy
Cells were incubated in 1 ml of YPD medium overnight at 25°C. Overnight cultures were
diluted 1:10 with fresh YPD and incubated for an additional 3 hours. To study the effects
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of 37°C and inhibition of calcineurin at 25°C, refreshed cultures were then incubated for
24 hours either in YPD at 25°C (control) or at 37°C or at 25°C in YPD media supplemented
with 50 μg/ml CsA (to inhibit calcineurin activity). To analyze the localization of
fluorescently-tagged septin proteins, cells were washed in PBS, placed on a 2% agarose
patch prepared on the surface of the microscope slide, covered with cover glass, and
imaged. Cells were observed under the Zeiss Axiovert 200M inverted fluorescence
microscope (Carl Zeiss Inc., Thornwood, NY) with a 100x objective or by Leica DMi8
inverted fluorescence microscope (Leica, Wetzlar, Germany) with a 100x objective. Images
were analyzed using Zeiss ZEN lite software version 4.8.2, Leica Application Suite
X3.7.2.22383, or ImageJ.

Spot growth assay
Cells were incubated in 1 ml of YPD medium overnight at 25°C. Overnight cultures were
diluted 1:10 in 2 ml of YPD and cultured for 2 h at 25°C. Next, cells were washed twice in
PBS and adjusted to ~3.3 x 106 cells/ml. Three 10-fold serial dilutions were prepared in 96well microplates. Cell suspensions (3 µl) were spotted onto plates containing YPD media
(control), or YPD media supplemented with fluconazole (8 µg/ml), SDS (0.01%), or Congo
Red (5 mg/ml). The highest number of cells that were spotted was ~104. Cells were
incubated at 25°C for three days prior to imaging.
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C. neoformans mating
Strains containing deletions of genes selected from the screen combined with the deletion
of CDC12 or with a gene encoding Cdc3-mCherry were obtained by mating. Genetic crosses
were performed between select strains originated from the Madhani Plates and either
strain LK174 (cdc12Δ) or LK141 (expressing Cdc3-mCherry) (KOZUBOWSKI AND HEITMAN 2009).
To induce mating, cultures of two different mating type strains (MATa and MATα), grown
overnight in YPD liquid at 25°C, were mixed in 1:1 ratio in PBS and spotted onto MS mating
media and incubated at 25°C in the dark for 10 to 15 days, as described (XUE et al. 2007).
For each strain at least 40 spores, originating from at least 5 basidia, were transferred onto
the YPD semisolid media with the use of SporePlay Tetrad Dissection Microscope (Singer
Instruments).

In silico analysis
Genes of C. neoformans, identified in this study, were analyzed with the BLASTP
(blast.ncbi.nlm.nih.gov) to find homologous genes in C. deneoformans (strain JEC21),
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Ustilago maydis, and Homo
sapiens. To create a functional protein association network, the C. deneoformans
homologues of genes, essential for high temperature stress identified in this study, were
analyzed based on the STRING database (version 11.0). To highlight the contribution of
septins in high temperature stress response, sequences of three genes encoding septins
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(CDC3, CDC10 and CDC12) were included in the analysis. The network was created with
default settings, with a medium confidence value of 0.4, max number of interactors not
higher than 5 and k-means clustering. The gene ontology (GO) enrichment analysis was
performed with the PANTHER Classification System (http://pantherdb.org/). Genes were
analyzed and grouped based on protein class or molecular function.

RESULTS
The goal of this study was to define genes essential for growth of C. neoformans at the
temperature of the host and to reveal presently unknown functional associations between
identified candidate genes. In order to facilitate identification of genes essential for growth
at 37°C, we utilized a collection of single gene deletion mutants (Madhani Plates, 4,031
strains) to search for candidate genes. The collection represented a significant proportion
of the 6,962 C. neoformans predicted protein-coding genes (JANBON et al. 2014). We
spotted the 4,031 deletion mutant strains on YPD semisolid media prepared in rectangle
1-well microplates. The plates were incubated at either room temperature (~ 25°C) or at
37°C. In addition, we tested growth of the 4,031 strains at 25°C in the presence of
calcineurin inhibitor, FK506 (ODOM et al. 1997). We reasoned that testing synthetic
interaction with the inhibition of calcineurin will help to define the process a gene essential
for growth at 37°C contributes to. For instance, if synthetic interaction with the inhibition
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of calcineurin was not observed, a gene that turns out essential for growth at 37°C may
operate in the calcineurin pathway.
We found the growth spot assay screen suboptimal to accurately evaluate
proliferation at 37°C, as two repetitions of the screen for the 4,031 mutants led to variable
results with respect to some deletion strains (Supplementary Data file). Nonetheless,
based on this initial screen we could narrow down our results to a pool of strains that were
subject to subsequent investigations. We selected 84 mutant strains that were potentially
sensitive to 37°C and/or sensitive to FK506 at 25°C, based on retarded growth observed in
at least one of the two repetitions (Supplementary Data file). The 84 strains were then
subject to an additional test of temperature sensitivity, the temperature gradient assay,
and further phenotypic characterizations under various growth conditions, as described
below and summarized in Figure 1.1.

Temperature Gradient Assay on drug-free YPD media
We developed a simple method to establish stable temperature gradient across
semisolid medium prepared in a rectangular single-well microplate (Figure 1.2). The
principle of obtaining the temperature gradient was as follows: the plate was positioned,
with the medium facing downwards, on a standard digital dry bath/block heater (Figure
1.2A). Importantly, only one third of the plate was in a direct contact with the heated block
while the remaining part extended outside resting on a non-heating surface and therefore
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was not subject to direct heating. When the temperature in the heating block was set to
50°C, a linear temperature gradient developed across the semisolid medium ranging from
the ambient temperature to ~ 42°C, as established by measurements with the infrared (IR)
thermometer (Figure 1.2B). When cells were spread on the media, along the temperature
gradient, and incubated for over two days, colony growth was observed along the
temperature gradient spanning from the edge of the plate corresponding to the lowest
temperature to the point corresponding to the maximum temperature the strain can
proliferate at (Tmax) (Figure 1.2C). For the purpose of strain comparison, we defined a
relative Tmax (TmaxR) as the distance between the edge of the medium corresponding to the
lowest temperature and the point where growth was no longer observed by naked eye,
represented as percentage of such distance measured for the wild type reference strain
(Figure 1.2C). While this method did not provide specific temperature values, it did indicate
Tmax of each strain relative to the wild type strain and allowed calculations and then
comparison of TmaxR values among all tested strains. A critical requirement for the assay
was that each sample spread on the medium was exposed to an identical temperature
gradient. To test if our assay meets this requirement we spread the wild type strain (H99)
across the temperature gradient in 8 positions. Reassuringly, after 2 days of incubation,
the 8 lanes revealed nearly identical pattern of growth with clearly demarcated area
corresponding to Tmax. Furthermore, the calculated values of TmaxR for the 7 samples
relative to sample #1 (which served as a reference) were not statistically different from
one another, based on three replicates (Figure 2D). We utilized the IR thermometer and
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estimated that the maximum temperature the wild type (H99) strain is capable of growing
at in this assay is 40.3°C ± 0.41°C (based on eight measurements).
We subjected all 84 candidate strains to the temperature gradient assay such that
on each microplate a wild type reference strain and up to 7 tested strains were spread. We
considered three possible outcomes of the temperature gradient assay. 1. All or most
tested strains would reveal TmaxR values within a relatively close range that is significantly
lower than 100% (for instance TmaxR ~ 80%). 2. Strains would form a few distinct groups
characterized by discrete TmaxR values. 3. The TmaxR values would form a range without
easily recognized discrete groups. The analysis revealed 46 strains with TmaxR that was
significantly lower than that of the wild type reference strain (Figure 1.2E, F). The 46 TmaxR
values formed a range from ~ 66 to 93% rather than discrete groups (Figure 1.2E, F,
Supplementary Data file). Based on direct measurements of the temperature of the
medium with the IR thermometer, we estimated that the lowest TmaxR value corresponded
to Tmax of ~32°C.

Genetic contributions to the role of calcineurin in growth at 37°C
Of the 46 strains confirmed as sensitive to 37°C by the temperature gradient assay,
20 were recorded as potentially sensitive to the calcineurin inhibitor FK506 in the initial
spot growth assay screen that involved 4,031 strains grown at 25°C (Supplementary Data
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file). For the remaining 26 strains, 19 strains were recorded as not sensitive to FK506 and
the results for 7 strains were not reliable (Supplementary Data file).
To further test sensitivity to the inhibition of calcineurin, all 46 mutants were
subject to the temperature gradient assay while spread on media supplemented with the
alternative calcineurin inhibitor, CsA (Supplementary Data file). In addition, some of the 46
strains were re-tested for sensitivity to FK506 or CsA either in the spot growth dilution
assay, liquid growth assay, both at 25°C, or were subject to the temperature gradient assay
on media containing FK506 (Supplementary Data file). We reasoned that the temperature
gradient assay performed on media supplemented with CsA or FK506 could reveal
phenotypic differences between strains otherwise not visible in standard growth assays.
Of the 46 temperature sensitive strains, 12 did not grow in the presence of CsA at
25°C, including 10 strains that were confirmed for sensitivity to FK506 at 25°C (Figure 1.2E).
The remaining 2 strains, not sensitive to FK506 (lacking genes CNAG_02270 and
CNAG_00888, indicated as dark blue bars in Figure 1.2E) are most likely not sensitive to
calcineurin inhibition. Consistently, CNAG_00888 encodes calcineurin regulatory subunit
Cnb1, which has been implicated in growth at 37°C (FOX et al. 2001).
The 34 temperature sensitive strains that grew at 25°C in media supplemented with
CsA, when subject to the temperature gradient assay on CsA media, exhibited various TmaxR
values that did not correlate with the TmaxR values obtained when the cells were grown on
regular YPD drug-free media (in the presence of calcineurin activity) (Figure 2G in
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comparison to Figure 1.2F). These TmaxR values suggested either no effect of CsA, increased,
or decreased sensitivity to CsA. Specifically, 2 strains (both carrying deletions of genes
encoding hypothetical proteins, CNAG_02822, CNAG_00668) grew at the temperature
that was higher than the Tmax of the wild type strain suggesting decreased sensitivity to
CsA, although statistical significance of this difference was not robust (Figure 2G,
Supplementary Data file). Average TmaxR obtained for 17 strains was significantly lower
(p<0.05) than that of the wild type (Figure 1.2G, Supplementary Data file). 5 strains
revealed TmaxR lower than wild type and clearly exhibited sensitivity to FK506, suggesting
sensitivity to the inhibition of calcineurin (CNAGs: 00293, 00438, 02196, 05843, 06648)
(Figure 1.2G). CNAG_02196 encodes septin Cdc11, and CNAG_00293 encodes a
homologue of Ras1 GTPase, previously implicated in the organization of the septin
complex, consistent with our findings (BALLOU et al. 2013). 4 strains had TmaxR lower than
80 but exhibited no sensitivity to FK506 (CNAGs: 02401, 03079, 04108, 04388).
CNAG_04388 encodes superoxide dismutase Sod2 and has been previously implicated in
high temperature growth in C. neoformans (GILES et al. 2005).
Of the 38 strains whose Tmax on YPD drug-free media was not significantly different
from that of the wild type, one strain (lacking CNAG_02458) did not proliferate on CsAcontaining media and grew poorly on media supplemented with FK506 at 25°C, suggesting
it was hypersensitive to the inhibition of calcineurin. For 29 strains, no evidence of
increased sensitivity to CsA was found, based on the temperature gradient assay. Of the
remaining 8 strains with increased sensitivity to CsA, 7 strains (CNAGs: 00404, 00472,
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00519, 02992, 03174, 07334) were also sensitive to FK506, and 2 strains (CNAGs 03370,
05558) were not sensitive to FK506.
In summary, performing the temperature gradient assay with media containing
calcineurin inhibitors has allowed identification of several strains with increased sensitivity
to calcineurin inhibition that were previously missed in standard experimental approaches.
An outcome of this assay combined with additional growth spot and liquid growth assays
has led to identification of 14 genes that potentially operate in the calcineurin pathway as
strains lacking these genes were not sensitive to at least one of the calcineurin inhibitors,
FK506 or CsA (Supplementary Data file). Importantly, this group included CNAG_00888,
which is a gene encoding previously characterized calcineurin regulatory subunit Cnb1 (FOX
et al. 2001).

Genetic contributions to the role of septins in growth at 37°C
In the temperature gradient assay, a mutant lacking septin Cdc11 (CNAG_02196)
was among strains with relatively lowest TmaxR values and was synthetic lethal with the
inhibition of calcineurin (sensitive to both CsA and KF506) (Figure 1.2F, G, Supplementary
Data file). Cdc11 has been previously implicated in high temperature growth but synthetic
phenotype with the inhibition of calcineurin has not been thoroughly investigated
(KOZUBOWSKI

AND

HEITMAN 2009). A previously described mutant lacking another septin,

Cdc12, when included in our assay as an additional control, revealed TmaxR that was even
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lower than that of cdc11 mutant (Figure 1.2E, Supplementary Data file). The exact
contribution of septins to growth of C. neoformans at 37°C remains unclear, although a
putative role for septins in cytokinesis may be important, given the cell separation defect
observed in septin mutants at 37°C (KOZUBOWSKI AND HEITMAN 2009). We further confirmed
that mutants lacking septins Cdc3 or Cdc12 are inviable at 25°C in the absence of
calcineurin activity (in the presence of calcineurin inhibitor CsA) (Figure 1.3,
Supplementary Data file). The cdc3 and cdc12 mutants proliferated in YPD medium at
25°C at a rate similar to that of the wild type and the majority of cells were morphologically
similar to the wild type, consistent with previous reports (Figure 1.3) (KOZUBOWSKI

AND

HEITMAN 2009). At 37°C in drug-free media and at 25°C in the presence of the CsA, the
mutant strains exhibited an aberrant morphology indicative of pleiotropic defects including
inability to complete cytokinesis (Figure 1.3B). Interestingly, wild type cells in the presence
of CsA at 37°C were not elongated, although clearly failed to complete cytokinesis, as
frequently more than one daughter was attached to the mother cell (Figure 1.3B). When
mutant cells lacking septins were shifted to 37°C in the presence of CsA, cell elongation
appeared less pronounced as compared to conditions at 25°C with CsA or 37°C in the
absence of CsA (Figure 1.3B). These findings suggest that septins and calcineurin play nonoverlapping roles in high temperature growth.
To identify other genes potentially acting with septins in high temperature growth,
we selected 18 temperature sensitive mutants, the majority of which also exhibited
significantly low TmaxR on CsA-containing media, and we further characterized those strains
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for phenotypic similarity with the cdc11Δ mutant. Cellular morphology of the 18 strains
was tested after 24 hours of incubation at 37°C in YPD media or at 25°C in YPD media
supplemented with CsA. Of the 18 tested strains, 11 strains (including the cdc11Δ mutant)
revealed a phenotype at 37°C and/or in the presence of CsA that was indicative of cell
separation defects (Figure 1.4). One mutant under both conditions (lacking CNAG_01647)
and two mutants specifically when grown at 37°C (lacking CNAG_00888, and CNAG_05926)
exhibited enlarged round morphology suggesting defects in polarity establishment (Figure
1.4). We also evaluated the effect of 37°C on morphology of the 28 strains that were
sensitive to 37°C but not sensitive to CsA at 25°C (Figure 1.5). Of those 28 strains, 11
exhibited defects in cell separation (Figure 1.5). One mutant, a strain that lacked gene
encoding Ras1 homologue (CNAG_00293), exhibited enlarged unbudded morphology
characteristic of cell polarity defect, in agreement with previous findings (Figure
1.5)(WAUGH et al. 2002).
To further explore connections with the role of septins, the 18 strains that have
been tested for morphology at 37°C and in the presence of CsA at 25°C (Figure 1.4) were
utilized to introduce fluorescently-tagged septin Cdc3. Expressing Cdc3-mCherry in the
strain lacking CNAG_05794, which encodes RAM pathway protein Mob2 (WALTON et al.
2006), was not successful. The remaining 17 genes were tested for the effect of their
deletions on the localization of the septin Cdc3-mCherry. Septins in C. neoformans, similar
to Saccharomyces cerevisiae, localize to the incipient bud site as a patch, which arranges
into a collar at the mother bud neck. Prior to cytokinesis septin-based collar rearranges
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into a double ring with one ring positioned on the mother and the other ring on the
daughter side of the mother-bud neck (Figure 1.6A) (KOZUBOWSKI AND HEITMAN 2009). Out of
the 17 mutants, 4 strains revealed various defects in septin localization (Figure 1.6B). A
strain lacking chitin synthase regulator Csr2 (CNAG_07636), previously described as
important for growth at 37°C, revealed an overall weaker fluorescent signal corresponding
to septin complex at the mother-bud neck (Figure 1.6B)(BANKS et al. 2005). Interestingly, in
csr2Δ mutant, septin Cdc3-mCherry localized to punctate structures along the perimeter
of the plasma membrane, a localization rarely observed in the wild type cells (Figure 1.6B).
The strain lacking septin Cdc11 (CNAG_02196) exhibited relatively weaker and diffused
Cdc3-mCherry signal at the mother-bud neck, as compared to the wild type control (Figure
1.6B). Cells lacking a homologue of Bud6 (CNAG_01918) frequently contained septin signal
at the mother-bud neck that appeared incomplete and often positioned on one side of the
neck (Figure 1.6B, arrows). Cells lacking Kar7 homologue (CNAG_01647), a protein
implicated in nuclear fusion (LEE

AND

HEITMAN 2012) and the remaining three mutants

revealed reduced number of large budded cells with the characteristic double septin ring,
suggesting that these genes play a role in the rearrangement of the septin complex during
cytokinesis (Figure 1.6B).

Putative plasma membrane localization of Cdc3-mCherry,

prominent in crs2Δ was not observed in the remaining three mutants (Figure 1.6B).
To further account for possible involvement in the septin-based pathways, we
tested synthetic lethal interaction with the CDC12 deletion by performing crosses between
the 18 selected strains and the opposite mating type cdc12Δ mutant strain. A strain lacking
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CNAG_05794, which encodes Mob2 (WALTON et al. 2006) could not be successfully crossed
with the cdc12Δ mutant. Of the remaining 17 strains, 6 deletion mutants revealed
synthetic lethal phenotype with cdc12 (CNAGs: 03567, 01126, 07636, 00888, 05791,
01647). Importantly, two strains that exhibited aberrant septin localization, a strain lacking
septin Cdc11 and a strain lacking Bud6 homologue (CNAG_01918), were not synthetically
lethal with deletion of CDC12, suggesting involvement in septin-based pathway.

Identification of additional functional connections among the candidate genes
To further probe for potential functional connections between 46 genes (identified
as important for high temperature growth, as shown in Figure 2), the 46 mutant strains
were incubated on media supplemented with sodium dodecyl sulfate (SDS), or subinhibitory concentration of fluconazole (FLC), conditions to which strains lacking septin
Cdc12 or calcineurin are particularly sensitive (Figure 1.7)(KOZUBOWSKI AND HEITMAN 2009;
CHEN et al. 2013). In addition, growth in the presence of cell wall disrupting agent, Congo
Red, was tested, as temperature sensitivity may result from compromised cell wall integrity
(BAHN AND JUNG 2013). Consistent with previous findings, proliferation of cells lacking Cdc12
was severely affected on media supplemented with FLC or SDS (KOZUBOWSKI AND HEITMAN
2009; ALTAMIRANO et al. 2017). However, growth of the cdc12Δ mutant was not significantly
affected by Congo Red, suggesting that septins have a minor impact on cell wall integrity.
Strains lacking the CNAG_02891, which encodes endoplasmic reticulum rhodanese-like

68

protein (Rdl2), and a strain lacking CNAG_01647, which encodes Sec66/Kar7, both
exhibited significant sensitivity to SDS and FLC, and were not affected by Congo Red, similar
to the cdc12Δ mutant (Figure 1.7). Other knockouts which exhibited a similar pattern,
although with less affected growth on SDS and/or FLC-containing media, were strains
lacking CNAGs 01050, 05843, 01870, 02270, and 02401. A strain lacking CNAG_7636,
which encodes chitin regulator Csr2, predicted to impact cell wall integrity (BANKS et al.
2005) was hypersensitive to SDS and Congo Red but not FLC (Figure 1.7). Four strains were
sensitive to FLC but not SDS or Congo Red (lacking CNAGs 00438, 04283, 00137, 06648).
Six strains were sensitive to SDS but not FLC or Congo Red (lacking CNAGs 06716, 01918,
05791, 00293, 00888, 01126).
Finally, we analyzed the connections among the 46 genes, identified as important
for growth at 37°C, based on the STRING database (https://string-db.org). We enriched the
analysis by adding three genes encoding septins Cdc3, Cdc10, and Cdc12, to expand
possible functional connections (Figure 1.8). Genes involved in mRNA processing formed a
major cluster. Genes encoding septins were connected to the gene encoding actomyosin
ring component Myo1 and genes involved in vesicle fusion. The remaining clusters
contained genes involved in Ras1 signaling, calcineurin pathway, and RAM pathway.
Importantly, this analysis included uncharacterized genes whose functional connections
can be further investigated.
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DISCUSSION
Current understanding of how individual genes influence the temperature range at
which microorganisms are capable of proliferating remains incomplete. We identified 46
C. neoformans mutant strains, each lacking a non-essential protein-encoding gene, that
exhibited maximum temperatures at which each of the strain can proliferate (Tmax)
significantly lower than that of the wild type. The 46 relative Tmax values (TmaxR) recorded
in our study ranged from 66 to 93%. This TmaxR range could stem from two possible sources:
1. Complexity of the genetic contribution to the maximum temperature a strain can grow
at. With each candidate gene potentially contributing to a different aspect of temperature
adaptation, the temperature range may reflect the relative contributions of the genes to
high temperature growth. 2. A high variation of the phenotypic outcome resulting from
the deletion of any gene that is contributing to growth at high temperature. Hypothetically,
during the event a gene is deleted, cells could adapt to the deletion leading to several
possible outcomes reflected by variable TmaxR values. If the latter were the case, deleting
the same gene independently could result in strains with significantly different TmaxR values.
To test this possibility, we selected a gene (CNAG_04283) and analyzed the consequences
of deleting this gene based on independently derived deletion strains. The resulting TmaxR
values for two independent deletion strains were not statistically different and yet they
were significantly different as compared with the wild type reference (data not shown).
These results suggest that at least for some of the strains identified in our study, the TmaxR
is a characteristic that is specific to the gene that has been deleted and does not stem from
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random compensatory events that would occur after the gene has been deleted. However,
we cannot exclude a possibility that for some gene deletions, stochastic ploidy and/or
epigenetic changes may have influenced the resulting TmaxR. Furthermore, it is possible that
in some cases, deleting the same gene independently may always lead to selection of viable
cells in which consistently the same specific compensatory changes allow survival under
conditions the gene is deleted. Differentiating between these possibilities will require
further investigations.
An important question is whether our results are consistent with other studies.
While no large screen has been performed based on the temperature gradient assay, C.
neoformans gene knockout collections have been utilized to identify genes essential for
growth at 37°C and the effects of calcineurin inhibition (LIU et al. 2008; BROWN et al. 2014).
Only 5 genes from the group of 46 genes identified in our study are present in the 1,200
single non-essential gene deletion collection that has been tested by Liu et al., with 3 genes
identified by Liu C. et al. as contributing to growth at 37°C (CNAGs 02196, 04514, and
06648) and two having a minimal impact on growth at 37°C according to Liu et al., in
contrast to our study (CNAGs 02930, and 05791). Another study investigated the effects
of a large set of chemical compounds, including calcineurin inhibitors, on proliferation of
1,448 C. neoformans knockouts (BROWN et al. 2014). Of all the deletions identified in our
study as causing hypersensitivity to FK506 or CsA, only nine were present in the strain
collection evaluated by Brown J.C.S. et al. (CNAGs: 06648, 03567, 02196, 05791, 04283,
04514, 03652, 00761, 2992). Strikingly, none of these strains were classified as
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hypersensitive to FK506 or CsA by Brown J.C.S. et al. (BROWN et al. 2014). Conversely, the
study by Brown J.C.S. et al., has revealed 24 mutants as hypersensitive to FK506. Of those
24 mutants, 13 were also evaluated in our study including 4 being classified as potentially
sensitive to FK506 at 25°C (CNAGs 01149, 01172, 01612, 02073). Those 4 strains were not
sensitive to 37°C and were not further investigated here. Our study utilized FK506 at a
concentration that was ~3 times higher than the highest concentration utilized by Brown
J.C.S. et al., and the concentration of CsA that we applied was slightly lower (50 μg/ml vs
75 μg/ml). Furthermore, our study tested growth on rich YPD media whereas Liu C. et al.
and Brown J.C.S. et al. have incubated cells on defined YNB media. These differences may
have contributed to the above discrepancies in the results.
There are several limitations of our study. First, this study has been designed to
reveal genes whose deletion leads to a decrease of Tmax and could not reveal mutants
resulting in increase of Tmax. For instance, a protein kinase, Sch9, suppresses C. neoformans
thermotolerance and the sch9∆ mutant survives at temperatures above 41°C in contrast
to the wild-type strain (WANG et al. 2004). It would be of interest to utilize temperature
gradient assay to identify other genes whose deletions lead to elevated Tmax. Second, in
the preliminary screen of the 4,031 strains, we likely missed some genes essential for
growth at 37°C due to suboptimal temperature stability in the incubator or inadequate
spotting efficiency. We may have also missed genes dispensable for proliferation at 37°C
yet necessary for growth at 39°C and therefore important for survival in the host. Third,
the 4,031 genes do not include all non-essential genes out of the predicted 6,962 genes in
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C. neoformans (JANBON et al. 2014). Moreover, the definition of a non-essential gene is
relative to the temperature at which the deletion strain has been generated. The collection
of mutants we have utilized here was generated under 30°C (CHUN AND MADHANI 2010).
Therefore, genes whose deletion allows growth at temperatures lower than but not at and
above 30°C were potentially missed in our study. This may explain why the lowest Tmax
recorded in our study was not below 30°C. Another restriction of our study is that it did
not provide the actual Tmax values. Utilization of an apparatus, capable of generating
temperature gradient across semisolid media and which can precisely record temperature
at each position would be critical to overcome this limitation. On the other hand, due to
the fact that each strain was tested along with the wild type control, relative values of TmaxR
are a robust measure of differences between tested mutants with respect to Tmax. Another
limitation is that some strains in the gene deletion collection utilized in our study may be
incorrect or may exhibit suppressor phenotype. For example, our assay revealed the strain
lacking CNAG_04108 as temperature sensitive, contradicting another study by Lee S. et al.
(LEE et al. 2016). Conversely, the study by Lee S. et al. found growth of strains lacking
kinases Ire1 (CNAG_03670) and Utr1 (CNAG_04316) significantly affected at 37°C, whereas
in our assays, mutant strains indicated as having those genes deleted, proliferated at 37°C
(LEE et al. 2016). Therefore, following findings presented here will require further
confirmation including independent gene deletion, PCR confirmation, and ideally also gene
complementation. Another factor that needs to be considered and which has not been
investigated here is a potential influence of media type on the Tmax.
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Despite these limitations, our study has provided, for the first time, a comparison
of Tmax values for a series of temperature sensitive strains lacking non-essential genes in a
microorganism. Importantly, our method is based on a relatively inexpensive and
commonly available technology, which should allow meaningful comparisons to be
performed in virtually any laboratory equipped with dry bath and basic molecular biology
tools. Our initial screen based on traditional growth spot assay led to variable results
between the two replicates. Factors contributing to variability of the results could have
included not sufficiently linear temperature in the incubator, or inconsistency in spotting
equal number of cells when using a multipipette. In contrast, the results obtained from the
temperature gradient assay are more consistent between each of the three replicates,
making this assay more reliable. Importantly, the temperature gradient assay presented
here allows quantitative analysis of temperature sensitivity including statistical evaluation
which contributes to reliability and reproducibility of this assay. While the three replicates
included here are not sufficient for a robust statistical analysis, studies of individual genes
based on the gradient assay can involve sufficient number of replicates to allow robust
statistics.
What is the biological significance of our findings and the implications for further
studies? Genes revealed in this study as important for high temperature growth were
grouped into functional categories according to STRING database analysis, which included
previously uncharacterized ORFs. We believe the temperature gradient assay constitutes
a valuable complementary method that may provide important additional information
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about gene function. For example, differences in the TmaxR registered for deletion mutants
subject to temperature gradient assay in the absence of calcineurin activity allowed for
recovering information not visible otherwise at 25°C. It is important to note that the two
inhibitors utilized in this study, FK506 and CsA, bind to distinct immunophilins and may
have additional effects on cells that are independent of calcineurin (WANG et al. 2001; FOX
AND HEITMAN

2002; SINGH-BABAK et al. 2012). Thus, strains sensitive to both FK506 and CsA

are more likely sensitive to inhibition of calcineurin activity, whereas those sensitive to only
one of the drugs may be sensitive to inhibition of calcineurin-independent processes. A
proof of principle in this case is our finding that deletion of RAS1 leads to significantly lower
TmaxR as compared to the wild type under conditions of calcineurin inhibition (on media
supplemented with CsA). Deletion of RAS1 is predicted to cause sensitivity to calcineurin
inhibition, as Ras1 has been reported to be essential for proper septin complex assembly
(BALLOU et al. 2013). Inconsistent with this assumption was our initial finding that ras1
mutant grows robustly on media supplemented with calcineurin inhibitor CsA at 25°C.
Thus, temperature gradient assay helped to resolve this inconsistency. Importantly, the
temperature gradient assay revealed some uncharacterized genes exhibiting relatively low
TmaxR on media supplemented with CsA and it will be of interest to investigate those
uncharacterized genes for their potential connection to Ras1-dependent pathway.
Conversely, the assay also revealed deletion mutants not significantly different from the
wild type with respect to sensitivity to calcineurin inhibition even in the gradient assay,
placing these deleted genes as potentially operating in the calcineurin pathway. In
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principle, the temperature gradient assay may be utilized to assess sensitivities of a series
of mutants to drugs whose targets are well defined. For instance, it may be a useful tool to
further resolve the apparent tolerance of C. neoformans to caspofungin, in which both
calcineurin and septins were recently implicated (PIANALTO et al. 2019).
Mutants lacking septin proteins were among those that revealed lowest TmaxR in the
temperature gradient assay. Interestingly, deletion of CDC11, which leads to a partial
defect in septin complex organization led to relatively higher Tmax values on YPD media and
on media supplemented with CsA, as compared to the cdc12 mutant in which septin
complex cannot be detected at the mother-bud neck (KOZUBOWSKI AND HEITMAN 2009). This
suggests that TmaxR resulting from deletion of a gene encoding a specific septin reflects the
degree to which septin complex is compromised. Assuming that Cdc11 and Cdc12 are both
playing a common role in the cell as part of the septin complex with no non-overlapping
functions, this proof of principle example illustrates how robustness of a protein complex
may influence the Tmax. On the other hand, mutations in non-septin genes involved in
septin complex assembly may lead to more severe effects if the gene in question is involved
in other processes beyond septin assembly.
Our study revealed four genes whose absence led to misorganization of the septin
complex at the mother-bud neck. The cdc11Δ mutant revealed a partial septin defect. A
mutant lacking Sec66/Kar7 (CNAG_01647) exhibited a defect in septin complex
reorganization during cytokinesis, which is intriguing as no other studies link Sec66/Kar7
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homologue to septin organization in other fungal models. In S. cerevisiae, Sec66/Kar7 is a
non-essential subunit of the Cec63 complex that forms a channel that mediates protein
targeting and import into the ER (FELDHEIM et al. 1993). Sec66/Kar7 has been implicated in
nuclear fusion in S. cerevisiae and C. neoformans, presumably by mediating translocation
of relevant proteins involved in nuclear fusion into the ER and to the cytosol (NG AND WALTER
1996; LEE AND HEITMAN 2012). It is possible that among proteins transported out of the ER
in Sec66-dependent manner are proteins necessary for proper septin organization.
Interestingly, C. neoformans sec66Δ mutant exhibits a defect in bilateral mating where the
basidiospore chain formation does not occur (LEE AND HEITMAN 2012). This phenotype is
strikingly reminiscent of the mating defect of the C. neoformans septin mutants, which fail
to produce spore chains and reveal aberrant nuclear distribution within the hyphae
(KOZUBOWSKI AND HEITMAN 2009). It is possible that sporulation defect described by Lee and
Heitman in the sec66Δ mutant results from inability to organize septin complex during
hyphal growth (LEE AND HEITMAN 2012). Both septin and sec66 mutants were sensitive to
CsA and FK506 further supporting overlapping functions. On the other hand, the sec66Δ
cdc12Δ double mutant could not be recovered suggesting synthetic lethality and additional
non-overlapping roles for Sec66 and septins in cell physiology. Strain lacking the
Sec66/Kar7 homologue and the strain lacking Cdc12 exhibited the lowest Tmax. This is
consistent with the predicted pleiotropic phenotype associated with the absence of Sec66
given the role of Sec66/Kar7 in translocation of proteins across the ER and in membrane
fusion (KURIHARA et al. 1994; LEE AND HEITMAN 2012).
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The third strain with a septin organization defect was a mutant lacking the
homologue of Bud6 (CNAG_01918). The bud6 mutant exhibited incomplete septin rings
at the mother-bud neck. In S. cerevisiae, Bud6 acts as a nucleation-promoting factor
stimulating formin Bni1 in assembly of actin cables (GRAZIANO et al. 2011). Another study
has demonstrated that Bud6 is essential to maintain diffusion barrier for proteins
associated with the ER that spans the mother-bud neck (LUEDEKE et al. 2005). While Bud6
depends on septins for its localization to the mother-bud neck in S. cerevisiae, it seems
dispensable for septin complex organization in these species (LUEDEKE et al. 2005).
Therefore, it is possible that the effect of BUD6 deletion on septin organization in C.
neoformans is indirect, perhaps resulting from a defect in organization of actomyosin ring
during cytokinesis. Interestingly, we were able to recover a bud6 cdc12 double mutant,
which suggests that Bud6 and septins operate in the same pathway related to cytokinesis
and/or growth at host temperature. This finding would be striking if Bud6 was needed for
proper actomyosin ring organization, as S. cerevisiae cytokinesis cannot be completed in
the absence of proper septin complex assembly and actomyosin ring (KO et al. 2007).
Future studies should further test the role of Bud6 in septin dynamics and reveal whether
Bud6 is essential for proper assembly and dynamics of the actomyosin ring in C.
neoformans.
The fourth mutant with an aberrant septin organization was a strain lacking a
predicted chitin synthase regulator Csr2 (CNAG_07636) (BANKS et al. 2005). Like its
homologue in S. cerevisiae, Chs4, the Csr2 is predicted to stimulate chitin synthase Chs3
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and link Chs3 to the septin complex at the mother-bud neck (DEMARINI et al. 1997; BANKS
et al. 2005). Localization of septins in S. cerevisiae cells lacking Chs4 is essentially normal
(DEMARINI et al. 1997). The csr2Δ cells revealed localization of septin Cdc3-mCherry at the
plasma membrane. One explanation for this unusual localization could be that under
conditions of compromised cell wall, expected in csr2Δ cells, septins are recruited to the
plasma membrane to mitigate the defect by either supporting cell wall remodeling or
plasma membrane integrity. Recent studies suggest septins impact biophysical properties
of membranes and it would be of interest to explore this potential novel function of septins
in C. neoformans (YAMADA et al. 2016; BEBER et al. 2019).
In summary, our study for the first time assessed maximum temperature of growth
for a series of mutants sensitive to 37°C. The results of the temperature gradient assay
were combined with phenotype analysis under various conditions relevant to high
temperature growth including inhibition of calcineurin. The range of Tmax values obtained
for the 46 temperature sensitive mutants confirmed a polygenic character of genetic
contribution to Tmax. On the other hand, based on STRING analysis and phenotypic
characterization, gene clusters contributing to high temperature growth were identified.
Our analysis indicated that the temperature gradient assay provides complementary
information, which when combined with comprehensive phenotypic evaluation can aid in
elucidation of the genetic basis for temperature range at which microorganisms can
proliferate. It remains unknown whether the relative Tmax values recorded for specific gene
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deletions in C. neoformans are conserved among other yeast species, including distantly
related ascomycetous yeasts and future studies could address this intriguing question.

FIGURES

Figure 1.1. A flow chart summarizing the experiments performed in this study.
In the initial screen of 4,031 deletion strains, 84 mutants were identified as potentially
sensitive to 37°C, including 51 strains that were also potentially sensitive to inhibition of
calcineurin at 25°C (on media supplemented with 1 g/ml calcineurin inhibitor, FK506).
The 84 strains were then subject to temperature gradient assay, and subsequent
phenotypic characterizations as indicated.
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Figure 1.2 Temperature gradient assay.
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A. A schematic representing the gradient temperature setup. A 1-well microplate was
settled with one third of the plate positioned on the top of the heating block (digital dry
bath) and covered by aluminum foil for insulation. B. Temperature of the surface of the
medium was measured with an IR thermometer in 8 spots along the temperature gradient
and was graphed based on three replicate measurements. C. After 48 hours of incubation,
the plate was imaged (an example including a wild type control and one of the mutants is
shown on top) and the image was converted to binary version to allow more consistent
determination of the point corresponding to the maximum temperature of growth (Tmax).
A distance corresponding to values of Tmax of the wild type and the mutant was measured
and the value of relative Tmax (TmaxR) was calculated as shown. D. Wild type strain (H99) was
streaked in eight spots on the YPD media along the temperature gradient and incubated
for 48 hours. TmaxR was calculated as described in C with sample #1 serving as a reference.
The experiment was performed 3 times and the resulting TmaxR values were plotted. E.
Deletion mutant strains (sensitive to both 37°C and calcineurin inhibitor, CsA, at 25°C) for
which TmaxR was significantly lower than 100 (p value<0.05). All strains were also sensitive
to FK506, except two knockouts indicated by dark blue bars. The orange bar corresponds
to cdc12, which served as an additional control. F. Deletion mutant strains (sensitive to
37°C but not sensitive to CsA at 25°C) for which TmaxR was significantly lower than 100 (p
value<0.05). G. Deletion mutant strains (shown in F) were subject to temperature gradient
assay on media supplemented with 50 μg/ml CsA. TmaxR that were significantly different
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from 100 are indicated with a star (p value<0.05). Dark yellow/brown bars represent strains
that were not sensitive to FK506 at 25°C.

Figure 1.3 Figure 1.3 Cells lacking septins Cdc3 or Cdc12 are synthetically lethal with the
inhibition of calcineurin.
A. Spot growth assays were performed with the WT (H99), the cdc3Δ (LK65), and the
cdc12Δ (LK162) mutants (KOZUBOWSKI

AND

HEITMAN 2009). Cells were spotted on YPD

medium or YPD supplemented with an inhibitor of calcineurin, CsA at 50 μg/ml. Cells were
incubated for 3 days at 25 or 37°C. (B) Strains shown in A were grown for 24 hours in liquid
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YPD or YPD supplemented with 50 μg/ml CsA at 25 or 37°C, as indicated and cellular
morphology was examined. Scale bar represents 5 µm.

Figure 1.4 Assessment of the cell morphology of the 18 mutants identified as sensitive to
calcineurin inhibition at 25°C and with significant sensitivity to 37°C.
Cells were examined after 24 hours of growth in YPD at 25 or 37°C or at 25°C in YPD
supplemented with calcineurin inhibitor, CsA at 50 μg/ml. Strains are presented in the
order from the least to the most sensitive to high temperature. Each strain is depicted by
the CNAG number of the deleted gene. Red frames indicate the strains exhibiting cell
separation defect under at least one of the tested conditions. Scale bar represents 10 µm.
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Figure 1.5 Assessment of the cell morphology of the 28 mutants identified as sensitive to
37°C but not sensitive to calcineurin inhibition at 25°C.
Cells were examined after 24 hours of growth in YPD at 25 or 37°C. Strains are presented
in the order from the least to the most sensitive to high temperature. Each strain is
depicted by the CNAG number of the deleted gene. Red frames indicate the strains
exhibiting cell separation defect at 37°C. Scale bar represents 10 µm.
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Figure 1.6 Mutants identified with the defect in the organization of the septin complex.
A. A schematic depicting organization of the septin complex (red) during the cell division
cycle and representative images of the wild type strain expressing septin Cdc3-mCherry
(LK141). B. Wild type (LK141), the cdc3 Cdc10-mCherry strain (LK158), and 17 deletion
strains expressing Cdc3-mCherry were analyzed with fluorescence microscopy to examine
septin complex organization. Cells were incubated overnight in liquid YPD medium at 25°C
and subsequently refreshed in YPD for 3 hours prior to imaging. In the absence of Cdc3,
Cdc10-mCherry does not localize to the mother-bud neck, as shown previously (KOZUBOWSKI
AND

HEITMAN 2009). Four deletion strains (CNAG numbers of the deleted genes and the

names of the corresponding homologues are shown) revealed defects in localization of the
Cdc3-mCherry. Cdc3-mCherry often formed an aberrant discontinued signal only at one
side of the mother-bud neck in cells lacking Bud6 homologue (arrow). Fluorescent signal
of Cdc3-mCherry at the bud neck in cells lacking Cdc11 was relatively weak (arrow). The
corresponding table summarizes quantification of cells exhibiting specific defects. See text
for more details. Scale bar represents 5 microns.
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Figure 1.7 Assessment of the sensitivity to agents that disrupt cell membrane or cell wall.
A wild type (H99), a strain lacking septin Cdc12 (LK162), and 46 deletion mutant strains,
identified in the temperature gradient assay as significantly more sensitive to high
temperature as compared to the wild type, were incubated in liquid YPD medium at 25°C
overnight, and next day refreshed in YPD at 25°C, for 3 hours. Cells were serially diluted
and spotted onto following semisolid media plates: YPD, YPD supplemented with 8 μg/ml
Fluconazole, 0.01% SDS, or 1 mg/ml Congo Red. Plates were photographed after 3 days of
incubation at 25°C. Strains that exhibited retarded growth on any of the tested media are
underlined and the white brackets indicate conditions at which growth was affected.
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Figure 1.8 A STRING analysis reveals several pathways that involve genes essential for
growth at 37°C.
46 genes involved in high temperature growth, identified based on the temperature
gradient assay, were analyzed with the STRING database with a low confidence of
minimum required interaction score. Three septin genes (CDC3, CDC10, and CDC12) were
added to STRING analysis to facilitate detection of interactions with the septin complex.
Network edges are based on confidence of interaction and the line thickness indicates the
strength of data support. Common pathways or biological processes are depicted. Symbols
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within the nodes represent the following features of the mutants: 1) lethality in the
absence of calcineurin activity (#); 2) cell separation defect at 37°C or at 25°C when
calcineurin is inhibited ($); 3) lethality with deletion of CDC12 (*); 4) septin localization
defect (!). While the network was created based on the homologous genes from C.
deneoformans (strain JEC21), gene names corresponding to C. neoformans (CNAG
numbers) are indicated along with names of corresponding protein homologues in C.
neoformans or S. cerevisiae, in cases where genes have not yet been annotated. An
accompanying table indicates CNAG equivalents of the C. deneoformans genes.
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ABSTRACT
Cryptococcus neoformans is an environmental basidiomycetous fungus and
opportunistic pathogen that causes meningitis in immunocompromised patients. The
ability to adapt to mammalian body temperature is essential for survival and successful
virulence. Septins are conserved GTPases that a play significant role in cell division,
virulence and adaptation to thermal stress. In contrast to S. cerevisiae, where septins are
vital for cell proliferation, in C. neoformans septins are essential for cell survival at the
temperature of the human host but not at room temperature. To understand what
mechanism allows septin deletion mutant cells to survive, and to better define
contribution of septins to mechanism of high temperature stress response, we performed
an analysis of differential gene expression in wild type strain and cdc12Δ mutant. In this
study we described changes in gene expression in each strain grown at 24°C and 37°C.
Compared with the wild type strain, the cdc12Δ mutant exhibited significant changes in
gene expression at 24°C and 37°C. Some of the differentially regulated genes included
genes involved in cell wall maintenance (CHS5, CHS7), iron homeostasis (CFT1) and
virulence (CIG1).
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INTRODUCTION

Microbial organisms have developed a variety of strategies to overcome and adapt
to rapid changes in their surrounding environment. Sudden changes of pH, temperature
and osmolarity induce many stresses on microorganisms. However changes in gene
transcription and regulation of metabolism allow microbes to adapt to the new conditions
(Cooney and Klein 2008; Nguyen and Sil 2008; Nichols, Perfect, and Alspaugh 2007).
Adaptation to the mammalian body temperature, different osmotic pressure, and pH is
important for opportunistic fungal pathogens to successfully infect the host (Leach and
Cowen 2013; Schieber and Ayres 2016). Cryptococcus neoformans is an environmental
opportunistic fungus and etiological agent of cryptococcosis, a disease affecting the lungs
and brain (Buchanan and Murphy 1998). A successful infection starts with inhalation of
spores or dried yeast cells which creates a rapid temperature stress and induces massive
changes in gene expression (Rajesh et al. 2009). Understanding the mechanisms of high
temperature stress response pathways in C. neoformans may contribute to development
of novel antifungal drugs (K.-W. Jung et al. 2015). Multiple genes have been described to
play a significant role in C. neoformans response and adaptation to high temperature. In
this study, we focused on septins (Calvete et al. 2019; Cooney and Klein 2008; Nichols,
Perfect, and Alspaugh 2007; Weirich, Erzberger, and Barral 2008).

103

Septins are conserved cytoskeletal GTPases that contribute to cell morphogenesis,
cytokinesis, and cell surface organization (Weirich, Erzberger, and Barral 2008). Septins
assemble into oligomeric complexes that form filamentous structures at the mother-bud
neck. Septins act as a scaffold for multiple proteins involved in cell cycle regulation and cell
wall maintenance (Gladfelter, Pringle, and Lew 2001). Cryptococcal cells lacking septins
Cdc3, Cdc11 or Cdc12 are viable at room temperature (24°C) but are unable to survive at
the temperature of human host (37°C)(Kozubowski and Heitman 2010). In our previous
study, we discovered that among ~ 80 temperature sensitive mutants, mutants lacking the
septin Cdc12 exhibited the lowest maximal temperature (Tmax) at which cells were viable and

able to proliferate (Stempinski et al. 2021).
In this study, we used Illumina based RNA sequencing method to compare the
transcriptomic changes in both wild type and mutant lacking septin Cdc12 in cells
incubated at 24°C and 37°C. This study allowed us to better understand how septins may
contribute to high temperature stress response and what mechanisms may allow cells to
maintain viability in the absence of the functional septin complex. Our analysis uncovered
mechanisms that allows C. neoformans to survive and proliferate after the loss of septin.
Additionally, we were able to indicate novel genes involved in formation of septin complex.
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MATERIALS AND METHODS
Strains and Media
Wild-type strain (H99) and septin cdc12Δ strain (LK162) of C. neoformans var. grubii were
utilized in the RNA sequencing experiment. Strains Cdc3-mCherry (LK62) and Cdc10mCherry (LK141) were used for septin localization experiment. Six deletion mutant strains
were taken from the collection of single gene deletion of C. neoformans (Liu et al. 2008).
Frozen cell stocks were kept at – 80°C and streaked onto YPD medium (1% yeast extract,
2% peptone, 2% agar, and 2% dextrose) and incubated at room temperature (24°C). LDOPA agar (1 g/l L-asparagine, 0.5 g/l MgSO4, 3 g/l KH2PO4, 1 mg/l thiamine, 1 mM LDOPA) was utilized to test melanization.

Cryptococcus neoformans RNA extraction
Cryptococcus neoformans H99 and Cryptococcus neoformans cdc12Δ (LK162)
cultures were grown overnight for 18 hours at 24°C in 25 ml of YPD medium. 5 ml of
overnight cultures were refreshed and incubated in 50 ml YPD for 3 to 4 hours to reach OD
600 ~1.0. The cultures were further separated into two flasks, resuspended in 25 ml YPD
(24°C) and 25 ml YPD (pre-warmed, 37°C) and incubated for one hour at 24°C or 37°C,
respectively. After final incubations cells were harvested by centrifugation 3000 x g for 5
min at 4°C. RNA extraction was performed with Bio-Rad Aurum Total RNA Mini Kit, Cat #
732-6820. Cells were mixed with 750 µl lysis buffer and 50 µl glass beads (sigma G8772,
425-600µm) and mechanically broken at 4°C with Minibeadbeater (3450 RPM, Biospec
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Products Model 607) for eight 20 seconds beat-beating cycles with 2 min rest in between.
The supernatant with RNA was separated from the pellet by centrifugation (3000 x g for 3
min) and treated according to manufacturer’s protocol. Three independent biological
replicates were prepared for each condition.
Transcriptomic analysis.
Library preparation was completed using the Illumina TruSeq Stranded kit (Illumina, San
Diego, CA USA). Samples were sequenced to an average of 19.7 million reads per sample
using an Illumina NextSeq 550 sequencing platform at 2x150 paired end reads.
Downsampling was performed using seqtk v1.3-r106 (https://github.com/lh3/seqtk).
Quality control was analyzed with FastQC v 0.11.6. Low-quality base sequences were
trimmed using Trimmomatic v0.36. GSNAP v2018-07-04 software was used to count
uniquely mapped reads that aligned to reference genes. Statistical analysis for differential
gene expression was performed with edgeR v3.22.5. Analyzed genes were considered
significantly differentially expressed if their false discovery rate (FDR) was greater than
0.05.

Cryptococcus neoformans mating
Single gene deletion mutant strains, representing group of genes with the highest
upregulation at 25°C in C. neoformans lacking septin Cdc12, were mated with strains
containing deletions of septin Cdc12 (LK174). To induce mating, cultures of two different
mating types (MATα and MATa), were grown overnight in YPD liquid at 25°C, washed with
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PBS, mixed in 1:1 ratio and spotted onto MS mating media. Colonies were incubated in the
dark at 25°C for 10 -12 days, as described (Xue et al. 2007). For each strain, 32 spores,
originating from 4 different basidia, were transferred onto the YPD semisolid media with
the use of SporePlay Tetrad Dissection Microscope (Singer Instruments). To confirm results
of the mating and identify strains with double gene deletion, colonies were tested for
growth on YPD media with selection marker.
Data analysis
Genes of C. neoformans, detected in this study, were identied and analyzed with
the FungiDB database (The Eukaryotic Pathogen, Vector and Host Informatics Resource).
Functional analysis of the selected groups of genes was performed on the differentially
expressed genes to identify overrepresented Gene Ontology (GO) molecular functions and
biological processes. To utilize a functional protein-protein association network, the C.
deneoformans homologs of genes identified in this study were analyzed with the Search
Tool for the Retrieval of Interacting Genes (STRING database, version 11.0).

RESULTS
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Analysis of changes of gene expression in C. neoformans as a result of adaptation to loss
of septin Cdc12.
To understand the global transcriptomic changes that allow for adaptation of C.
neoformans var. grubii cells to loss of septin Cdc12, and function of septins in high
temperature stress response we analyzed the differences in gene expression in septin
cdc12Δ mutant in comparison to the wild-type strain (H99). An initial part of the
experiment allowed us to compare gene expression of strains grown on YPD (yeast extract,
peptone, dextrose) media incubated at 24°C or 37°C (Figure 2.1). Experiments were
performed with three independent sets of samples and the total RNA was extracted from
different cultures, as described in Materials and Methods. Table 1 shows the total number
of differentially expressed genes in septin cdc12Δ mutant in comparison to the WT strain
incubated at room temperature (24°C). Analysis of RNA sequencing results clearly shows
that the loss of septin Cdc12, and as consequence, loss of a functional septin complex,
caused great changes in the transcriptome of the deletion mutant. A total of 134
differentially expressed genes (DEG) showed a significant difference (P value of <0.05, FDR
value of <0.05) in expression between samples with the majority representing upregulated
genes.
Deletion of the gene encoding septin Cdc12 results in upregulation of genes associated
with cell wall maintenance and iron homeostasis.
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To further understand what molecular mechanisms are essential for the survival of
C. neoformans after loss of functional septin complex, we focused on the group of
upregulated genes in cdc12Δ mutant. Only three genes showed significant downregulation
in septin cdc12Δ strain and all those genes were characterized as hypothetical proteins
with unknown function. Among the upregulated genes, only 55 genes (42%) molecular
functions were described or hypothesized (Table2). Interestingly, this list included seven
genes involved in cell wall maintenance and remodeling, including chitin synthase CHS5
and CHS7 (CNAG_05818, CNAG_02217), glucan endo-1,3-alpha-glucosidase AGN1
(CNAG_07736), endo-1,3(4)-beta-glucanase (CNAG_05458), glucan 1,3-beta-glucosidase
(CNAG_06336), glucan 1,3-beta-glucosidase EXG104 (CNAG_02225) and glycosyl
hydrolase CEL1 (CNAG_00601). There were two genes that are essential for virulence and
important components of the iron acquisition pathway were upregulated, cytokine
inducing-glycoprotein CIG1 (CNAG_01653) and Cryptococcus ferric transporter CFT1
(CNAG_06242)(Cadieux et al. 2013; W. H. Jung et al. 2008, 2009; Lee et al. 2020). Two
genes encoding glutathione S-transferase (CNAG_01874 and CNAG_04110) which are
involved in glutathione metabolism and maintaining reactive oxygen species homeostasis
were upregulated. Additionally CFL1, encoding a putative flocculin was highly upregulated,
CFL1 is a hypha-specific adhesin and one of the most induced genes during the sexual
development of C. neoformans (Tian and Lin 2013; Wang et al. 2013; Wang, Zhai, and Lin
2012).
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As previously described, the septin complex an plays important role in the
regulation of cell cycle and cell wall synthesis (Gladfelter, Pringle, and Lew 2001; Weirich,
Erzberger, and Barral 2008). Cells lacking a functional septin complex display aberrant
morphology of the hyphae, increased sensitivity to cell wall damaging agents, and
significantly decreased virulence (Kozubowski and Heitman 2010). Several of the genes
that were upregulated in the septin deletion mutant presents overlap with genes that were
previously characterized as important elements of cell wall maintenance pathway
providing further evidence that septins plays critical role in cell wall formation.
Genes that presented the highest level of upregulation (>3 logFC) in the septin
cdc12Δ mutant were analyzed with BLASTP (https://blast.ncbi.nlm.nih.gov) and FungiDB
(https://fungidb.org/) for potential homologous proteins in other fungal species.
Interestingly, homologs to these genes were found only in the order of Tremellales, which
include the genera of Cryptococcus, Kwoniella and Tremella. The most upregulated gene
CNAG_05305 (>5 logFC) encodes a hypothetical protein that contains Asp_protease
domain (PF09668) within its amino acid sequence. Double deletion of septin CDC12 and
CNAG_05305 was obtained by mating. These double mutant produced cells with growth
defects compared to the single deletion mutants (Figure 2.2). Most of the cdc12Δ mutant
cells incubated in YPD medium at room temperature presented similar morphology to the
wild type cells, with a small fraction of the population exhibits abnormal morphology
(Figure 2.3A). The majority of cells lacking CNAG_05305 gene had normal growth and
morphology, but small fraction of the population was composed of elongated cells,
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identical to those in the cdc12Δ mutant (Figure 2.3B). In contrast, elimination of both genes
(CDC12 and CNAG_05305) lead to severe morphological defects (Figure 2.3C).
The data obtained in the RNA sequencing experiment were further used to
generate a protein-protein interaction network utilizing Search Tool for the Retrieval of
Interacting Genes (STRING) database. Cryptococcus deneoformans homologues of all
genes that were significantly upregulated in the septin deletion mutant were analyzed and
categorized to the groups with the STRING database and shown in Figure 2.4.
Role of septins in high temperature stress response
Cryptococcus neoformans is an environmental fungus and opportunistic pathogen
that can infect human host through the inhalation of spores or desiccated yeast cells
(Kronstad et al. 2012). One of the first changes that needs to occur in the cells of C.
neoformans is the adaptation to body temperature (Perfect 2006; Stempinski et al. 2021).
In contrast to S. cerevisiae, where elimination of the septin complex is lethal. C. neoformans
cells lacking septin homologues are unable to create functional septin structures, including
septin double ring, but do maintain the ability to grow and proliferate at 24°C. Interestingly,
in C. neoformans, septins are essential for virulence and growth at elevated temperature
(37°C), but growth of the cdc12Δ mutant can be partially rescued by addition of sorbitol to
the media. (Kozubowski and Heitman 2010). Additionally, growth of septin deletion mutant
cells at the temperature of human host can be partially rescued with supplementation of
Ca2+ but not with Na+ (Figure 2.5).
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At room temperature, septins localize to the mother-bud neck and form a collar or
a double ring, as judged based on localization of septin Cdc3-mCherry or Cdc10-mCherry.
Exposure of cells to elevated temperature for 4 hours and 24 hours reveal additional,
cytoplasmic localization of septins suggesting that septins may play role in response and
adaptation of cells to high temperature stress (Figure 2.6).
Differences in gene expression between WT and septin cdc12Δ mutant in response to high
temperature stress.
To further investigate the role of septins in adaptation to the temperature of
human host, we decided to compare changes in gene expression of wild type strain and
septin cdc12Δ mutant in cells transferred from room temperature (24°C) to 37°C and
incubated for one hour. In WT cells heat stress significantly induced upregulation of 1938
genes with 1099 gene upregulated more than 1 logFC. In contrast, heat stress triggered
upregulation of 1759 genes in septin deletion mutant (Figure 2.7A). A comparison of the
upregulated genes between WT and the septin mutant shows a great overlap (1589 genes)
in gene expression of both strains. Additionally, each strain presented numerous uniquely
upregulated genes (Figure 2.7B).
To understand better the difference in response to thermal stress between those
two strains, we performed Gene Ontology (GO) terms analysis for the biological processes
of all upregulated genes using resources provided by fungiDB (Basenko et al. 2018). We
found that upon exposure to high temperature, WT cells activate higher number of genes
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involved in general response to stress, response to heat, response to oxidative stress, and
response to osmotic stress. Additionally, deletion of septins suppressed the changes in
expression of genes responsible for metal ion transport, vacuolar transport, and autophagy
(Figure 2.8).
To further analyze why septin deletion mutant is more sensitive to the heat stress
than the wild type strain, we decided to focus our attention on a group of genes that were
exclusively upregulated in WT. Interestingly, among 349 genes, 8 genes were previously
identified as upregulated in septin deletion mutant at room temperature. Those eight
genes encode putative flocculin Cfl1, dioxygenase subfamily protein, Glutathione Stransferase, transmembrane receptor Lip15, DNA polymerase subunit lambda, catalase
Cat2, long-chain acyl-CoA synthetase, and sodium-dependent phosphate transporter,
indicating importance of those genes in both high temperature stress response, and
maintenance of cell viability after loss of septin. The ramaining upregulated genes includes
three putative transcription factors: transcription initiation factor TFIIE subunit alpha
(CNAG_02767),

putative

Zn2-Cys6

zinc-finger

transcription

factor

ECM2201

(CNAG_00883), and transcription factor C subunit 1 (CNAG_03851). Ecm2201 is essential
for capsule formation, metal ion transport, ergosterol biosynthesis and chitin synthesis in
C. neoformans (Maier et al. 2015). Two other upregulated genes, encoding superoxide
dismutase Sod1 (CNAG_01019) and Sod2 (CNAG_04388), which are critical for virulence
and adaptation to host environment by playing an important role in the antioxidant
defense system and adaptation to the high temperature stress (Giles et al. 2005; M. et al.
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2003; Narasipura et al. 2003). Three metal ion transporters also were upregulated a highaffinity iron transporter Cft2 (CNAG_02959), a voltage-gated potassium channel protein
beta-2 subunit (CNAG_04209), and a Cu2 -exporting ATPase Ccc2 (CNAG_06415). In
addition to a role in ion transport, Cft2 can significantly influence the virulence. Another
upregulated gene, Ccc2 plays an important role in melanin production (García-Rodas et al.
2015; W. H. Jung et al. 2008; Walton, Idnurm, and Heitman 2005).Finally the CAMK1-RCK
protein kinase (CNAG_00130) and the catalases Cat1, Cat2, and Cat4 are yet another
example of genes important for the oxidative stress response whose upregulation failed in
septin deletion mutant upon exposure to heat stress indicating that loss of septins leads to
a dramatic decrease of efficiency in the antioxidant defense system of C. neoformans.
(Brown, Campbell, and Lodge 2007; Kim et al. 2011; S. et al. 2006).
GO enrichment analysis for molecular function of the genes exclusively upregulated
in WT strain reveals multiple genes involved in oxidoreductase activity (32), transporter
activity (6) and iron ion biding (5). Despite changes in expression of multiple genes related
to melanin production and iron homeostasis, the deletion of septins did not have a
negative effect on melanin production in C. neoformans (Figure 2.8).
For downregulated genes 2109 genes in WT and 1932 genes in septin deletion
mutant were significantly downregulated in response to heat stress. Lack of septin Cdc12
in the cells of C. neoformans exposed to heat stress resulted in global changes of
transcription as illustrated in the Figure 2.9A. Besides a decrease in the number of
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downregulated genes, loss of septin resulted in changes of the magnitude of gene
expression. The number of genes downregulated more than 3 logFC in septin deletion
mutant is two times smaller (67 genes versus 139 genes) than in the WT strain.
Additionally, from a total number of 1932 significantly downregulated genes in cdc12Δ
mutant strain, 91% of genes (1756) overlapped with the downregulated genes detected in
WT strain (Figure 2.9B). To investigate the difference in downregulation of gene expression
between those two strains we decided to once again perform Gene Ontology (GO) terms
analysis for the biological processes, focusing this time on all downregulated genes (Figure
2.10) (Basenko et al. 2018). We found that initial mechanism of high temperature stress
response in C. neoformans involved downregulation of multiple genes important for
metabolic processes, biosynthetic processes, gene expression, RNA and amino acid
metabolic processes, translation, organelle organization and fusion, ribosome biogenesis,
and mitochondrial transport.
In the analysis of the genes exclusively downregulated in the WT, or genes that
failed to be downregulated in cdc12Δ strain, 38% of genes encoded hypothetical proteins.
Interestingly, our list contains five transcription factors: a putative zinc finger transcription
factor ASG101 (CNAG_03018), a bHLH family transcription factor MLN1 (CNAG_04837), a
GATA family transcription factor GLN3 (CNAG_01841), transcription factor IIIA
(CNAG_03129), and putative transcription factor (CNAG_00916). Mln1 plays an important
role in the regulation of capsule and melanin production (K.-W. Jung et al. 2015; Maier et
al. 2015). Gln3 transcription factor was previously described to have an important function
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in regulation of nitrogen metabolism and virulence (Liao, Ramón, and Fonzi 2008; Scherens
et al. 2006). Additionally, we identified twelve mitochondrial proteins including a
mitochondrial inner membrane protease ATP23 (CNAG_02198), the ATP synthase
mitochondrial F1 complex assembly factor 1 (CNAG_05927), mitochondrial distribution
and morphology protein 10 (CNAG_06345) 34 (CNAG_02304), which are important for the
assembly of mitochondrial ATPase and the proper morphology of mitochondria (L. et al.
2021; L., L., and Andrew 2021).

DISCUSSION
C. neoformans is an opportunistic pathogen that is able to invade and survive inside
the human host. One of the first challenges for the pathogen after infection is
accommodating to the elevated temperature of human host (Bloom and Panepinto 2014;
Kuhn 1949). In this study, we performed a robust transcriptional analysis of adaptation of
Cryptococcus neoformans var. grubii to the loss of functional septin complex by comparing
gene expression of the septin cdc12Δ mutant to the wild type strain (H99). Considering the
importance of septins in high temperature stress response, we decided to enriched our
analysis by investigating the differences in gene expression in response to heat stress
between WT and septin cdc12Δ mutant (Kozubowski and Heitman 2010; Stempinski et al.
2021). This approach can improve our understanding of the mechanism that allows C.
neoformans to grow after loss of a functional septin complex and help us explain what is
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the role of septins in adaptation to the higher temperature of the human host (Brown,
Campbell, and Lodge 2007; Johnston, Voelz, and May 2016; K. P. R. et al. 2004; P. J. R.
2006). In contrast to S. cerevisiae, septins are not essential for growth of C. neoformans at
room temperature, suggesting the existence of a supportive mechanism that allows cells
to maintain the ability to proliferate. Analysis of differentially expressed genes in WT and
septin mutant strains at 24°C revealed a great number of upregulated and only several
downregulated genes in the deletion mutant, but the exact mechanism underlying the
rewiring of their metabolism remains elusive. The group of six genes with the highest
change in gene expression (DGE > 3 logFC) were conserved and present only in order of
Tremellales, including genera of Cryptococcus, Kwoniella and Tremella. This finding could
help us understand why septins are essential in S. cerevisiae but not in C. neoformans. Our
study reveals that the gene CNAG_05305, whose expression was the most upregulated in
the absence of functional septin complex, was important for proper cell morphology,
similar to genes encoding septins. Additionally, the CNAG_05305Δ cdc12Δ double mutant
exhibited visible problems with cell growth and severe defects in cellular morphology,
suggesting an important role of CNAG_05305 in process of cell division and cell physiology
in C. neoformans.
A group of genes upregulated in cdc12Δ mutant at 24°C contained seven genes
directly involved in cell wall maintenance, including two chitin synthases and the glycosyl
hydrolase Cel1. Taking into consideration a putative role for septins in cell wall
maintenance, we hypothesize that enforcement of the cell wall is the main factor
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contributing to the cell survival of the septin deletion mutant. Other potential mechanisms
supporting survival of the cells after loss off septins are changes in iron and glutathione
metabolism represented by upregulation of cytokine inducing-glycoprotein Cig1,
Cryptococcus ferric transporter Cft1 and two Glutathione S-transferases. STRING analysis
of protein-protein interactions among the group of upregulated genes indicated the
importance of enhanced carbon metabolism and purine metabolism in septin deletion
mutant strain.
To better understand why C. neoformans cdc12Δ strain cannot grow under high
temperature, we investigated the differences in differential gene expression data obtained
for cells exposed to high temperature stress for one hour. Based on the annotation
information and GO enrichment analysis in FungiDB, upregulated genes were categorized
to the groups based on the involvement in biological processes. It is important to notice
that in the majority of groups gene enrichment for septin deletion mutant is significantly
smaller than for WT strain. These results suggest that the yeast cells lacking septin Cdc12
are inhibited in their basic response to heat and osmotic stress. This observations are also
consistent with previous observation that the septin cdc12Δ mutant is more susceptible to
the cell wall and plasma membrane damaging agents, SDS, Fluconazole, and Caffeine
(Kozubowski and Heitman 2010; Stempinski et al. 2021).
Analysis of a downregulated genes demonstrated that the initial adaptation to high
temperature during the first hour of incubation at 37°C, requires decrease in gene
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expression of many genes involved in regulation of multiple intracellular metabolic
processes, especially biosynthetic processes, gene expression, metabolism of amino acids,
and organelle biogenesis. In all GO terms, the number of genes obtained from DGE analysis
was higher for WT than for septin mutant, suggesting that septins may play an important
role in the inhibition of cell metabolism during the initial phase of temperature stress
response in C. neoformans. The analysis of genes downregulated only in the WT strain
demonstrated evidence for a potential role of septins in the regulation of transcription
factors (Asg101, Mln1 and Gln1) and the biogenesis and maintenance of mitochondria.
In conclusion, our data suggest that adaptation to the loss of septin function in C.
neoformans cells can be achieved by upregulation of the cell wall maintenance system,
with additional changes in iron transport and glutathione metabolism. Those changes
provide a fragile solution and allow for cell proliferation only in optimal conditions. In
optimal conditions Cryptococcal cells lacking functional septin complex are sensitive to
variety of stress factors.
Septin play important role in high temperature stress response by supporting the
regulation of cell metabolism, biosynthetic processes, autophagy, and metal Ion transport.
Differences in viability of septin deletion mutant between C. neoformans and S. cerevisiae
suggests that the role of septins in different fungal species may be different. Our data
indicates that in C. neoformans role of septins in cell division may be supported by a
mechanism that don’t exist in other fungi.
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FIGURES

Figure 2.1 Graphical representation of RNA sequencing base gene expression analysis in C.
neoformans in response to high temperature stress condition.
WT and cdc12Δ strains were cultured overnight in YPD medium, refreshed, and incubated
for one hour at 24°C or 37°C. After the incubation, cells were homogenized, and total RNA
was harvested and sent for sequencing. Sequencing was performed in Clemson University
Genomic Center. Normalized gene counts were used for differential gene expression
analysis.
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(A)

(B)

Table 1. Total number of differently expressed genes in in septin cdc12Δ in comparison to
WT strain at 24°C.
Septin deletion mutant presented differential gene expression pattern in 134 genes when
compared to WT strain. (A) Only three genes presented significant downregulation in
cdc12Δ strain. (B) The majority of differentially expressed genes represent genes
upregulated in septin mutant. 89 genes were upregulated more than 1 logarithm fold
change (logFC).
GeneID

logFC

Gene Name

CNAG_05075

2.9

solute carrier family 20

CNAG_02544

2.6

DNA repair protein Swi5/Sae3

CNAG_05258

2.5

SMG1

Product Description

glucose-methanol-choline oxidoreductase
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CNAG_01653

2.5

CIG1

cytokine inducing-glycoprotein

CNAG_00795

2.3

CFL1

Putative flocculin

CNAG_04556

2.2

translocation protein Sec62

CNAG_05458

2.2

endo-1,3(4)-beta-glucanase

CNAG_06027

2.1

aryl-alcohol dehydrogenase

CNAG_00269

1.9

Sorbitol dehydrogenase

CNAG_04217

1.8

CNAG_07736

1.7

glucan endo-1,3-alpha-glucosidase agn1

CNAG_04523

1.7

glyceraldehyde-3-phosphate dehydrogenase, type I

CNAG_06336

1.6

glucan 1,3-beta-glucosidase

CNAG_04696

1.4

DNA clamp loader

CNAG_07407

1.4

MFalpha3

fungal mating-type pheromone

CNAG_00601

1.4

CEL1

glycosyl hydrolase

CNAG_02225

1.4

EXG104

glucan 1,3-beta-glucosidase

CNAG_05869

1.4

endopeptidase

CNAG_06658

1.3

rhomboid family membrane protein

CNAG_05302

1.3

Amine oxidase

CNAG_06374

1.2

malate dehydrogenase

PCK1

phosphoenolpyruvate carboxykinase (ATP)
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CNAG_07874

1.2

Sugar transporter

CNAG_02217

1.1

CNAG_01680

1.1

3-methylcrotonyl-CoA carboxylase alpha subunit

CNAG_01594

1.1

glycine dehydrogenase

CNAG_05831

1.1

endoribonuclease

CNAG_03465

1.1

LAC1

laccase

CNAG_00699

1.1

LPI15

transmembrane receptor

CNAG_03772

1.0

HXS1

high-affinity glucose transporter

CNAG_03238

1.0

dioxygenase subfamily protein

CNAG_00919

1.0

carboxypeptidase D

CNAG_00122

1.0

Alpha-amylase

CNAG_04461

1.0

CNAG_01949

1.0

CNAG_02049

0.9

PUT1

Proline dehydrogenase

CNAG_05818

0.9

CHS5

Chitin synthase

CNAG_06242

0.9

CFT1

Cryptococcus ferric transporter 1

CNAG_07766

0.9

CNAG_03398

0.9

CHS7

HFM1

Chitin synthase

ATP-dependent DNA helicase HFM1/MER3
chlorophyll synthesis pathway protein BchC

DNA polymerase lambda subunit
ZIP2

solute carrier family 39 (zinc transporter)
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CNAG_06000

0.9

glycoprotein

CNAG_07552

0.9

DNA repair protein Rad8

CNAG_03061

0.8

multiple drug resistance protein

CNAG_00526

0.8

hypothetical protein

CNAG_04025

0.8

transaldolase

CNAG_04655

0.8

rab family protein

CNAG_00720

0.8

DNA repair protein RAD51

CNAG_06836

0.8

oxidoreductase

CNAG_00126

0.8

2-deoxy-D-gluconate 3-dehydrogenase

CNAG_01874

0.8

Glutathione S-transferase

CNAG_05256

0.7

CNAG_06628

0.7

aldehyde dehydrogenase (NAD)

CNAG_03019

0.7

long-chain acyl-CoA synthetase

CNAG_04110

0.6

Glutathione S-transferase

CAT2

catalase 2
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Table 2. List of all known upregulated genes septin cdc12Δ versus WT strain of C.
neoformans.
All significantly downregulated (top of the table) and upregulated genes in septin deletion
mutant were analyzed and annotated with FungiDB software and presented in order of
magnitude of changes (log FC) in gene expression between cdc12Δ and WT strain.

Figure 2.2. Qualitative growth analysis of single spore colonies.
Spores obtained by mating of septin cdc12Δ with deletion mutants of the genes with the
highest upregulation in the septin cdc12Δ background. Red circles indicate colonies
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ofdouble deletion mutant. Growth defect was observed only in double deletion mutant
cells lacking septin Cdc12 and CNAG_05305.

Figure 2.3 Microscopic observation of cell morphology.

Septin cdc12Δ, CNAG_ 05305Δ and a double deletion mutant of cdc12Δ and CNAG_
05305Δ. Strains were grown for 24 h in liquid YPD at 24°C and cellular morphology was
examined. Scale bar represents 5 µm.
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Figure 2.4 The STRING network visualization for predicted protein-protein interaction.
STRING analysis revealed several pathways that involve genes important for cell survival
after loss of the septin Cdc12. STRING analysis was obtained with medium confidence of
minimum required interaction score and the line thickness indicates the strength of data
support. The network was created based on the homologous genes from C. deneoformans
(strain JEC21).

(A) YPD

(B) Sorbitol 1M

WT

(C) CaCl2 250mM

(D) NaCl
250mM
24 °C

Cdc12Δ

WT

37 °C

Cdc12Δ

Figure 2.5 Qualitative growth analysis.

Spot assay revealed supportive effect of Sorbitol and Calcium on growth defect in cdc12Δ
at 37°C. Four 10-fold serial dilutions of cdc12Δ mutant strain and wild type (H99) strain of
C. neoformans were spotted on (A) YPD media supplemented with (B) 1M Sorbitol, (C) 250
mM CaCl2 and (D) 250 mM of NaCl. Cells were incubated for two days at 24°C or 37°C.
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Figure 2.6 Localization of the septins Cdc10 and Cdc3 at the plasma membrane in response
to high temperature.
Fluorescent microscopy was performed to visualize localization of Cdc10-mCherry and
Cdc3-mCherry at room temperature (24°C) and after 4h and 24 h of incubation at 37°C. In
cells incubated at 24°C, Cdc10-mcherry and Cdc3-mCherry formed collar or double ring
structure at the mother-bud neck. In cells exposed to high temperature (37°C) Cdc10mcherry and Cdc3-mCherry presented additional localization to the plasma membrane.
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A

B

Figure 2.7. Total number of upregulated genes in in WT and septin cdc12Δ mutant in
response to heat stress.
Heat stress stimulates increase in expression of multiple genes in both WT and cdc12Δ
mutant strain. (A) Table presents number of upregulated genes and a magnitude of
changes in gene expression for both strains. (B) Venn diagram represents a total number
of upregulated genes in both strains. A total of 1589 genes were upregulated in both
strains in response to heat stress. 170 genes were upregulated only in septin cdc12Δ
mutant and 349 genes were upregulated exclusively in WT.
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GO Enrichment - Biological Process
Vesicle docking
Calcium ion transport
Beta-glucan metabolism
Endocytosis
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Vacuolar transport
Autophagy
Metal ion transport
Response to cadmium ion
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Response to osmotic stress
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Figure 2.8 GO terms for biological processes analysis of C. neoformans genes upregulated
in response to heat stress in WT and cdc12Δ. X axis indicates number of genes in each
group

Figure 2.9 Deletion of genes encoding septin Cdc3 and Cdc12 does not affect melanin
production in C. neoformans.
Spot assay of WT, septin cdc3Δ and septin cdc12Δ strain on L-DOPA media shows no visible
difference in production of melanin between these strains.
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A

B

Figure 2.10 Total number of downregulated genes in in WT and septin cdc12Δ mutant in
response to heat stress.
(A) Table presents number of upregulated genes and a magnitude of changes in gene
expression for both strains. (B) Venn diagram representing the genes downregulated in WT
and cdc12Δ mutant in response to one hour heat stress (37°C). Heat stress stimulated
downregulation of 1756 genes in both strains. 176 genes were upregulated only in septin
cdc12Δ mutant and 352 genes were upregulated exclusively in WT.
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GO Enrichment - Biological Process
Sulfate assimilation
Translational elongation
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Figure 2.11 GO terms for biological processes analysis of C. neoformans genes upregulated
in response to heat stress in WT and cdc12Δ.
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ABSTRACT
Cryptococcus neoformans is an opportunistic fungal pathogen that causes a
pulmonary infection and lethal cryptococcal meningitis in immunocompromised patients.
Successful adaptation to the host requires changes in multiple signal transduction
mechanisms, including calcium signaling pathways. Changes in intracellular calcium levels
regulate the calcineurin pathway in C. neoformans. In Saccharomyces cerevisiae, integral
membrane proteins containing a transient receptor potential (TRP) domain have been
shown to play a significant role in in the cell growth regulation, calcium homeostasis, cell
wall integrity, response to osmotic shock and flavin transport. In this study, we discovered
that cryptococcal flavin carrier protein 1 (Flc1) is important for regulation of calcineurin
pathway, vacuolar fusion, and response to osmotic stress. Our research on flc1Δ provided
evidence that Flc1 a plays significant role in the formation of titan cells, production of
capsule and proper distribution of chitin. Analysis of virulence in both the Galleria
mellonella wax moth larvae and mouse models confirmed that Flc1 is essential for
virulence of C. neoformans.
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INTRODUCTION
Cryptococcus neoformans is a pathogenic basidiomycetous yeast, which infects
mostly patients with compromised immune systems (Buchanan and Murphy 1998;
Kronstad et al. 2011). Cryptococcosis is initiated by inhalation of the spores or yeast cells
and then develops into a pulmonary infection, which can disseminate through blood
vessels to the central nervous system and cause cryptococcal meningoencephalitis
(Velagapudi et al. 2009). The ability to adjust to elevated mammalian body temperature
and the osmotic and oxidative stress is essential for survival in human host (Kozubowski
and Heitman 2012; Kozubowski, Lee, and Heitman 2009). The success of C. neoformans
pathogenesis is attributed to a number of virulence factors including the polysaccharide
capsule, melanin, and the ability to form enlarged, highly polyploid titan cells (Kang et al.
2012; Rodrigues, Alviano, and Travassos 1999).
Transient receptor potential channels (TRP channels) are proteins that belong to a
family of ion channels with characteristic TRP domains that are composed of 6 membranespanning helices (Dhaka, Viswanath, and Patapoutian 2006; Wang and Siemens 2015). In
mammalian cells, TRP channels modulate Ca2+ transport and contribute to the regulation
of multiple intracellular processes. For example, Mucolipin 1 is a TRP channels with a major
role in calcium homeostasis, vacuolar fusion and trafficking, exocytosis, and autophagy in
human cells (Morelli et al. 2019; Thompson et al. 2007; Vergarajauregui, Martina, and
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Puertollano 2011). Additionally, Mucolipin 1 is proposed to play a significant role in TORC1
and Calmodulin signaling (Sun et al. 2018).
In eukaryotic cells, calcium signaling is an important regulator for variety of
intracellular processes. Calcium homeostasis is regulated by multiple transporters located
in the plasma membrane, vacuoles and endoplasmic reticulum (Shuyuan et al. 2015;
Squizani et al. 2021). Changes in intracellular Ca2+ level can modulate activity of calcium
dependent pathways including calcineurin signaling pathway (Kmetzsch et al. 2010).
Calcium-dependent calmodulin is an enzyme that can activate calcineurin, a key protein
for thermotolerance and virulence for C. neoformans (Chow et al. 2017; Park et al. 2019).
In fungal cells, proteins that contain TRP domains belong to the fungal specific FLC
family. Flc proteins have been proposed to play an important role in cell growth regulation,
calcium homeostasis, cell wall integrity, response to osmotic shock, and flavin transport
(Aydar and Palmer 2009; Bok et al. 2001; Morris et al. 2019; Palmer, Aydar, and Djamgoz
2005; Protchenko et al. 2006; Rigamonti et al. 2015). Elimination of FLC1 in C.
deneoformans did not compromise growth of cells but deletion of a gene encoding TRPlike proteins (PKD2) in S. pombe and double deletion of FLC1 and FLC2 in S cerevisiae was
synthetically lethal Thus Cryptococcus is a ideal model to study the molecular function of
TRP channels (Palmer, Aydar, and Djamgoz 2005; Zhou et al. 2013). Here, we report our
data on the role of Flc1 in calcium homeostasis in C. neoformans. Microscopic analysis
demonstrated that Flc1 deficiency resulted in abnormal distribution of chitin, inhibition of
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the vacuolar fusion and autophagy. More importantly, cells lacking FLC1 presented
significant decrease of virulence tested in Galleria mellonella and mouse infection models,
indicating that Flc1 protein is a great potential drug target.

MATERIALS AND METHODS
Strains and Media
Wild type (WT) C. neoformans var. grubii strain H99 (MAT α) was used in this study.
The original C. neoformans flc1Δ mutant strain was generated by Hiten Madhani’s group
at the University of California San Francisco (UCSF) and purchased from the Fungal
Genetics Stock Center (FGSC). We generated an independent flc1Δ mutant strain in H99
background by a biolistic transformation combined with insertion of NEO cassette by
homologous recombination to H99 strain.

The Flc1-mCherry was created in flc1Δ

background by biolistic transformation of modified pLK25 plasmid (pPS2). That integrated
mCherry at the C-terminus region of Flc1. All strains were routinely cultured on YPD
medium (1% yeast extract, 2% peptone, 2% agar and 2% dextrose).
Disruption and complementation of FLC1 in C. neoformans var. grubii
The C. neoformans FLC1 gene replacement sequence flanked by 1kb each of the
3'UTR and 1kb 5'UTR regions was amplified by PCR from the gDNA of the flc1Δ mutant
from Madhani’s collection with the set of primers W1 5’-CTAGTCGAGTGGTGACGCCGTT-3’
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and W6 5’-ACCGACGATCAAGCGGTATTTG-3’. The PCR product was introduced into wild
type H99α strain by biolistic transformation. The transformed cells were selected on YPD
media containing 100 µg/ml nourseothricin.
To create complemented strain (flc1Δ::FLC1), genomic region encoding Flc1 along
with 1494 bp 5’ UTR region was amplified with the set of primers LUKO_477 5’CTATCTAGACGTGTCAAGATGATGTTGTC-3’

and

LUKO_478

5’-

TACTCTAGAATACCGTCTTGACCATTGC-3’ with introduced XbaI cutting sites and inserted
into the XbaI cloning site of the vector pLKB25, resulting in a plasmid (pPS1) which contains
the FLC1 gene fused with mCherry at the C-terminus. The cloned pPS1 vector was then
introduced into the flc1Δ mutant strain by biolistic transformation. The transformed cells
were selected on YPD media containing 200 µg/ml Geneticin.
Live cell microscopy
For microscopy, cells were routinely cultured in YPD medium overnight at room
temperature (unless specified otherwise), diluted 1:10 and then incubated for an
additional 3 hours. For cell wall imaging, 1.5 mg/ml of Calcofluor white (CFW) was added
to the cells for 10 minutes followed by washing with PBS. For heat shock, the cells were
incubated 4 hours in YPD at 37°C. Cells were observed under the Leica DMi8 inverted
fluorescence microscope with a 100x objective. Images were analyzed using Leica
Application Suite X (LAS X) software. Cell size was quantified using ImageJ software (NIH).
Crz1 translocation measurement
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Overnight cultures of C. neoformans were refreshed in 2 ml of YPD and cultured
for additional 2 hours at room temperature. Cells were photographed under the Zeiss
Axiovert 200M inverted fluorescence microscope. The observation was repeated
immediately after 4 hours of incubation at 37°C. In the next step, cell cultures were
transferred and incubated at room temperature (24°C) and observed 15 minutes and 60
minutes after high temperature incubation.
Nuclear translocation of Crz1 was established as a ratio of intensity of nuclear
fluorescent signal to intensity of cytoplasmic fluorescent signal of Crz1-mCherry using
ImageJ software (NIH). Each observation was performed three times on at least 80 cells.
Intracellular calcium measurement
To measure differences in intracellular calcium level, overnight cell cultures were
refreshed in YPD media and incubated for 2 hours at room temperature or at 37°C. After
the incubation, cells were washed twice with PBS and stained with 5 μM of calcium
indicator Fluo-3 AM (Invitrogen) in the dark, maintaining the respective temperatures
(room temperature or 37°C) for 30 min. After the staining process, cells were washed with
PBS and the calcium levels were measured by flow cytometry with CytoFLEX (Beckman)
using a parameter of the excitation to emission wavelengths (485 nm/530 nm)
Serial spot dilution assay
Overnight cultures of C. neoformans were refreshed in 2 ml of YPD and cultured for
additional 2 hours. Next, cells were washed twice with PBS, adjusted to 3.3 x 104 cells/ml
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and used for a 10-fold serial dilution (100-10-3). Cells were spotted onto semisolid media in
3 µl spots and colonies were counted after 2-4 days.

Cryptococcus neoformans mating
flc1Δ strains were mated with the following strains: LK174 (cdc12Δ), LK141 (Cdc3mCherry) EA85 (Bud4-mCherry), and LK310a (mCherry-Atg8). To induce mating, cultures
of two different mating types (MATα and MATa) were grown overnight in YPD liquid at
25°C, washed with PBS, mixed in 1:1 ratio, and spotted onto Murashige Skoog (MS) mating
media. Colonies were incubated in the dark at 25°C for 10 -12 days, as described (Xue et
al. 2007). For each strain, at least 32 spores, originating from at least 4 basidia, were
transferred onto YPD semisolid media with the use of SporePlay Tetrad Dissection
Microscope (Singer Instruments). To confirm results of the mating, strains were tested for
growth on YPD media supplemented with an appropriate selection marker.
Vacuolar size measurement.
After overnight incubation, C. neoformans cells were refreshed and transferred into
YPD media supplemented with 1M sorbitol and incubated for 4 hours at 37°C. For
additional part of the experiment media was supplemented with cyclosporine A or
rapamycin. For vacuolar and nuclear imaging, cell cultures were labeled with FM4-64 and
Hoechst dye for last 20 min of incubation, respectively. After the incubation, cells were
washed with PBS and observed under the Leica DMi8 inverted fluorescence microscope
with a 100x objective. The average size of the vacuoles in the tested population was

149

established by measuring the diameter of the biggest vacuole in the cell using ImageJ
software. Measurements were performed for at least 50 cells in each population.
Melanin production assay
Overnight cultures of C. neoformans were refreshed in 2 ml of YPD and cultured for
an additional 2 hours. Next, cells were washed twice with PBS, adjusted to 3.3 x 104 cells/ml
and used for a 10-fold serial dilution (100-10-3). Cells were spotted onto semisolid L – DOPA
media (1 g/l L-asparagine, 0.5 g/l MgSO4, 3 g/l KH2PO4, 1 mg/l thiamine, 1 mM L-DOPA) in
3 µl spots and cultured at 24°C for 3 days.
Capsule formation assay
Overnight cultures of C. neoformans were washed twice with PBS, resuspended in
the DMEM culture media (Corning, Corning, NY) with addition of 10% fetal bovine serum
(Neuromics, Edina, MN) and transferred to 6-well plates with 106 cells in each well. Cells
were incubated for 5 days at 37°C with 5% CO2, stained with India ink, and then observed
under the Leica DMi8 inverted fluorescence microscope with a 100x objective. The size of
a capsule was quantified using ImageJ software by measuring the width of the halo created
by the capsule which is visualized by negative staining with India ink.
Autophagy and vacuolar fusion assay
To visualize changes in the localization of Atg8 in the flc1Δ mutant strain, we
created flc1Δ mCherry-Atg8 strain by mating of flc1Δ with LK310a (mCherry-Atg8). After
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overnight incubation in YPD media at room temperature, a set of strains LK310a (mCherryAtg8) and flc1ΔmCherry-Atg8 strains were washed in PBS and cultured in 2ml of YPD or
YNB without amino acids and without ammonium sulfate at 30°C and 37°C for 4h. The
subcellular localization of mCherry-Atg8 was observed under the Leica DMi8 inverted
fluorescence microscope with a 100x objective.

Galleria mellonella virulence assay
A total number of 12 larvae (250mg to 300 mg in weight) were selected and used
for following experimental groups: larvae inoculated with PBS as a negative control, larvae
inoculated with wild type stains of C. neoformans (H99), larvae inoculated with flc1Δ and
larvae inoculated with the complemented strain flc1Δ::FLC1. Prior to the infection, strains
of C. neoformans were grown overnight in YPD media at room temperature, refreshed for
2 hours and adjusted to 2x104 CFU/µm in PBS. Each larva was injected with 5 µl of inoculum
into the last right proto-leg using a 0.5 mL syringe. After inoculation, larvae were kept in
separate Petri dishes and incubated in darkness at 30°C. The viability of the larvae was
assessed daily based on change of color and response to touch.
Data analysis
Sequences of proteins analyzed in this study were obtained from the NCBI website
(www.ncbi.nlm.nih.gov). The search for potential Flc1 homologues was performed by
analysis of amino acid sequence homology with Domain Enhanced Lookup Time
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Accelerated BLAST (DELTA-BLAST). Additional analysis of fungal proteins containing
Transient Receptor Potential domain (TRP; PF06011) with OrthoMCL 6.5 algorithm
(https://orthomcl.org/). Protein domain analysis was performed using the Pfam database
(Pfam version 34.0). The phylogenetic tree was created by analysis of selected proteins
containing TRP domains (PF06011) of representative fungal species that belong to the
phylum Basidiomycota and Ascomycota. Phylogenetic analysis was performed with
ngphylogeny software (ngphylogeny.fr) with standard settings, and visual presentation of
the

results

was

created

with

Interactive

Tree

Of

Life

iTOL

v6

(https://itol.embl.de/)(Lemoine et al. 2019; Letunic and Bork 2019). The signal peptide
prediction for Flc1 was performed with the TargetP-2.0 server (Almagro Armenteros et al.
2019). Multiple amino acid sequence alignment using conserved domain and local
sequence

similarity

was

performed

with

the

COBALT

alignment

tool

(https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi).
Macrophage survival assay (performed by Marnus du Plooy from the laboratory of Dr.
Andrew Alspaugh at Duke University)
J774A.1 macrophages were activated with phorbol myristate acetate and fungal cells were
opsonized with anti-GXM 18B7 antibody. Fungal cells were added to macrophages in a 1:1
ratio in DMEM medium supplemented with 10% fetal bovine serum, penicillinstreptomycin and non-essential amino acids. The co-culture was incubated at 37°C and 5%
CO2 for 1 hour. Fungal cells not phagocytosed were removed and the macrophages were
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incubated for 24 hours at 37°C and 5% CO2 before fungal cells were recovered on YPD
plates.

RESULTS

In silico analysis of Flc1 in C neoformans.
In C. neoformans var. grubii, Flc1 (CNAG_ 04283) is composed of 766 aa and
contains two domain regions: A mucolipin like TRP_N domain (PF14558) and TRP domain
(PF06011). C. neoformans Flc1 shows significant level of aa similarity to the four FLC
proteins in S. cerevisiae (23.4-25.2%) and Pkd2 in S. pombe (22.8%). Analysis of the Flc1 aa
sequence with a TargetP-2.0 signal peptide prediction tool reveals that N-terminal section
of the protein contains signaling peptide. Prediction of subcellular localization using Neural
Networks algorithm within DeepLoc -1.0 software suggested that Flc1 localizes to the ER.
Those predictions are consistent with data from S. cerevisiae, localize to the ER and
intracellular membranes. Computational analysis and multiple amino acid sequence
alignment performed with COBALT software using conserved domains and local protein
sequence similarity information helped to illustrate the similarity of fungal FLC homologues
from C. neoformans, S. cerevisiae, S. pombe (Pkd2), A. fumigatus, and C. albicans to
representative human TRP channels Mucolipin1 (TRPML1) and Polycystic Kidney Disease 2
protein (Pkd2) (Figure 3.1).
Orthologues of C. neoformans Flc1 in other fungal species.
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Comparative analysis of C. neoformans Flc1 with proteins from other fungal species
revealed existence of multiple FLC-like orthologs containing a TRP domain (PF06011). We
found at least two FLC-like homologues in each of the analyzed fungal species indicating
its importance and conserved role (Table3). All homologues of Flc1 contain TRP domain
(PF06011) within their sequence. Additionally, most of the tested Flc1 homologues from
the Phylum of Ascomycota, Basidiomycota and Entomophthoromycota contain an ML-like
(PF14558) domain in addition to the TRP domain. Interestingly, Flc1 homologues found in
fungal species that belong to phylum Mucormycota contain an ML protein (PF02221)
domain. It was suggested that ML and ML-like domain may be involved in lipid binding
(Mueller, Benjamin, and Rule 1998).
Phylogenetic analysis of FLC-like proteins in ascomycetous and basidiomycetous
species revealed existence of two subgroups of FLC proteins (Figure 3.2). In ascomycetous
fungi, FLC homologues that belong to the subgroup A (highlighted in yellow) are
represented by several proteins. Interestingly, proteins that belong to the subgroup B
(highlighted in blue) are represented only by one protein, have longer amino acid
sequences (~40% for Ascomycota and ~70% for Basidiomycota) and in most cases do not
contain ML-like domain (PF14558). Among all analyzed species of ascomycetous and
basidiomycetous fungi, S. cerevisiae was the only species without the Flc1 homologue that
belong to the subgroup B. Some of the Flc1 homologues found in the Mucormycota phylum
possess an ML-like (PF14558) domain within their sequence and present substantial
divergence from the homologues found in Ascomycota and Basidiomycota.
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Essential role of Flc1 in calcium homeostasis.
Flc1 was previously characterized in C. neoformans var. neoformans (C.
deneoformans) as a potential flavin carrier: a homologue of four genes in the genome of
Saccharomyces cerevisiae encoding putative flavin carrier proteins (Flc1, Flc2, Flc3,
YOR365C). However, a recent study in S. cerevisiae suggested an involvement of Flc1
homologues in calcium signaling (Aydar and Palmer 2009; Bok et al. 2001; Ma et al. 2011;
Palmer, Aydar, and Djamgoz 2005; Protchenko et al. 2006; Rigamonti et al. 2015). To
analyze a potential role of the TRP-like protein Flc1 in calcium signaling we spotted a wildtype, flc1Δ mutant and complemented strain (flc1Δ::FLC1) on YPD media supplemented
with 250 mM CaCl2 and calcium chelator (BAPTA). Excessive amount of calcium affected
cell growth of the flc1Δ mutant only at elevated temperature, while the presence of BAPTA
did not have an impact on cell growth (FIG. 3.3A) suggesting the involvement of Flc1 in
calcium-regulated high temperature stress response pathway. This result correlates with
the finding in S. pombe that showed inhibition of growth in the media supplemented with
Ca2+ in cells lacking Pkd2, a homologue of Flc1 (Aydar and Palmer 2009; Palmer, Aydar, and
Djamgoz 2005).
Analysis of intracellular calcium levels with flow cytometry and the fluorescent Ca2+
indicator Fluo-3 revealed a difference in internal calcium level between WT and Flc1Δ. At
room temperature and at 37°C, the deletion mutant exhibited elevated Fluo-3
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fluorescence signal compared to the WT and complemented strain (Figure 3.3B), indicating
that loss of Flc1 is associated with elevated calcium levels.
Deletion of FLC1 affects calcineurin pathway.
Based on our finding that flc1Δ is susceptible to high levels of external calcium at
elevated temperature, we hypothesized that Flc1 is an important part of the high
temperature stress response system. One of the most essential components of the
intracellular response to high temperature stress is the calcium-dependent calcineurin
pathway illustrated in Figure 3.4 (Chow et al. 2017; Fu et al. 2018; Odom et al. 1997). Upon
heat shock the level of cytoplasmic Ca2+ rises, which leads to activation of multiple calcium
dependent proteins, including calmodulin. Upon calcium binding, calmodulin
phosphorylates calcium dependent calcineurin (Juvvadi, Lamoth, and Steinbach 2014; Park
et al. 2019). Activated calcineurin governs the high temperature stress response by
dephosphorylating the Crz1 transcription factor (Lev et al. 2012; Taiga et al. 2010).
Activated Crz1 is translocate from cytoplasm to the nucleus, where it activates multiple
genes.
To analyze if Flc1 plays a role in the calcineurin (cna1) pathway we created a flc1Δ
mutant that expresses Crz1-mCherry. The analysis of relative nucleus/cytoplasm Crz1mCherry fluorescence revealed that translocation of Crz1 to the nucleus in flc1Δ occurs
significantly more frequent than in wild-type strain (Figure 3.5). Additionally, flc1Δ deletion
mutant presented a significantly higher intensity of Crz1-mCherry fluorescent signal in the
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nucleus than in WT cells during the incubation at elevated temperature (37°C). Finally,
when heat-stressed C. neoformans WT cells were transferred to the room temperature
Crz1 changed its localization back to the cytoplasm. In the cells lacking Flc1, Crz1 remained
in the nucleus. To confirm that calcineurin activity is the main cause of increased
translocation of Crz1-mCherry in flc1Δ cells, we repeated this experiment with addition of
Cna1 inhibitor cyclosporine A (Figure 3.6). Both cultures treated with calcineurin inhibitor
displayed identical levels of cytoplasmic Crz1-mCherry signal. These results suggest that
the Flc1 plays an important role in the modulation of the Cna1-Crz1 stress response
pathway in C. neoformans.

Cell wall structure and plasma membrane is affected by the deletion of Flc1.
To examine the potential role of Flc1 in maintenance of the cell wall, a wild-type,
flc1Δ and flc1Δ::FLC1 cultures were spotted on YPD media supplemented with cell wall
damaging agents Calcofluor white (CFW) and Congo red (CR) (Figure 3.7A). At room
temperature Congo red had no visible impact on viability of the flc1Δ mutant, while CFW
affected cell growth only in a moderate way. Incubation of spotted cells at 37°C severely
impacted the effect of CFW and CR on flc1Δ growth, suggesting that Flc1 is important for
cell wall maintenance, especially during the high temperature stress.
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To further explore the cell wall defect in cells lacking Flc1, we performed a
microscopic examination of cells stained with calcofluor white, which binds to chitin
(Figure 3.7B). Cells stained with calcofluor white reviled that a significant fraction of the
flc1Δ population presented abnormal “spotted” chitin accumulation, similar to cell wall
damage observed in the C. deneoformans flc1Δ mutant (Zhang et al. 2019). In most
budding cells chitin spots were localized at the mother-bud neck. The intensity of this
abnormality was corelated with temperature; at room temperature only 30% of flc1Δ
mutant cells exhibited excessive chitin accumulation, but at 37°C more than 75% cells were
affected (Figure 3.8) Osmotic stress caused by incubation of the deletion mutant strains in
the media with 1M sorbitol led to a further increase in the number of cells exhibiting an
abnormal phenotype of the cell wall. Inhibition of TORC1 with rapamycin dramatically
decreased the number of flc1Δ cells with chitin accumulation defect.
To our surprise, we found that in the refreshed flc1Δ culture we could observe a
lower number of cells with the visible cell wall defect as compared to the non-refreshed
deletion mutant culture. To confirm our observation, we analyzed the accumulation of
chitin spots in flc1Δ cells representing different stages of the growth curve. In cells cultured
overnight (stationary phase of growth) 82.5% of the cell population showed defect in cell
wall composition while in refreshed cultured (exponential phase of growth) only 19.2%
cells showed evidence for chitin accumulation (Figure 3.9). Addition of sub-lethal doses of
cyclosporin A (CsA), which inhibits calcineurin, partially prevented accumulation of
abnormal phenotype with chitin spots in the population of flc1Δ cell, indicating important
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role of calcineurin in cell wall formation. Interestingly, addition of CsA to refreshed culture
induced accumulation of cells with abnormal phenotype in the population. In S. pombe,
production of Pkd2, a homologue of Flc1, depends on the phase of the cell growth. The
highest level of Pkd2 production was observed during the exponential phase while during
the stationary phase production of Pkd2 was dramatically reduced. Additionally, cell wall
damage caused by zymolase treatment induced the production of Flc1 but only in the cells
in exponential phase of cell growth (Aydar and Palmer 2009). Those results suggest that
Flc1 is involved in cell growth and in cooperation with calcineurin plays an important role
in proper chitin distribution.
Deletion of FLC1 affects localization of septins in C. neoformans.
Data from C. neoformans and S. cerevisiae indicate that the septin complex plays
an important role in promoting cell wall formation at the bud neck (Gladfelter, Pringle, and
Lew 2001; Kozubowski and Heitman 2010; Weirich, Erzberger, and Barral 2008). To address
the question of potential involvement of septins in the formation of chitin spots in flc1Δ
mutant that resemble bud scars, we expressed the septin Cdc3-mCherry in flc1Δ mutant
strain. During cell division in WT cells, septins localize to the bud neck, and incubation of
cells at 37°C promotes additional localization of septins at the plasma membrane. In the
flc1Δ cells grown at room temperature (24°C), septins presented an unusual localization of
spots at the plasma membrane (Figure 3.10). Strikingly, this atypical localization of septins
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correlated with the localization of the chitin patches as visualized by calcofluor white
staining
To analyze if other components of the septin complex are localized at chitin
patches, we decided to analyze the localization of Bud4, a protein that participates in the
septin organization during cytokinesis (Huan et al. 2015). Bud4-mCherry fusion protein was
introduced to the flc1Δ mutant strain by mating. Observation of the Bud4-mCherry
localization in the flc1Δ cells revealed no significant colocalization of Bud4 with the chitin
spots (Figure 3.11).
Septins are important for cell wall integrity and act as a scaffold for chitin synthase
at the mother-bud neck (M. et al. 2005; Mela and Momany 2021). We hypothesized that
distribution in septin complex organization is the main cause for chitin accumulation.
Elimination of single septin is sufficient to prevent formation of a fully functional septin
complex (Kozubowski and Heitman 2010). To confirm our hypothesis, we created a flc1Δ
cdc12Δ double deletion mutant strain by mating. Surprisingly, elimination of the septin
complex did not result in the improvement of cell wall defect in cells lacking Flc1 (Figure
3.12).
To test the hypothesis that unusual cell wall formation is caused by ER damage due
to elimination of ER localized Flc1, deletion mutant cells were treated with tunicamycin,
ER-damaging agent (Protchenko et al. 2006). Treatment with tunicamycin did not
phenocopy the chitin overaccumulation observed in the flc1delta mutant and did not have
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impact on cell wall morphology in the flc1Δ strain, suggesting that chitin accumulation in
cells lacking Flc1 is not due to ER defect. (Data not shown).

Analysis of Flc1 localization in C. neoformans cells.
Examination of Pkd2, a Flc1 homologues in S. pombe, showed that GFP-tagged Pkd2
was predominantly localized to the Golgi apparatus and a surface biotinylation experiment
confirmed a minor plasma membrane localization. Further analysis of Pkd2 localization in
S. pombe revealed that Pkd2 localized to the site of cell division during the telophase in
intracellular vesicles and the plasma membrane of the cell tips (Aydar and Palmer 2009;
Morris et al. 2019; Palmer, Aydar, and Djamgoz 2005). Disrupting of microtubules or actin
network did not disturbed the Pkd2 localization at cleavage furrow. However, inhibition of
contractile ring, mutation in formin and inhibition of secretory pathway with Brefedlin A
affected the localization of Pkd2 to the furrow cleavage (Morris et al. 2019). Microscopic
analysis of another Flc1 homologues in S. pombe, tagged with GFP revealed that Trp1322
localizes primarily to intracellular membranes and Trp663 localizes to the plasma
membrane (Aydar and Palmer 2009; Morris et al. 2019; Palmer, Aydar, and Djamgoz 2005).
Immunofluorescence analysis of the C. albicans Flc1 protein showed that Flc1 localizes to
intracellular vesicles and vacuoles. In S. cerevisiae FLC homologues localize predominantly
to the ER and partially to the Golgi apparatus (Protchenko et al. 2006).
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To examine the localization of Flc1 protein in C. neoformans, we created a fusion
protein of Flc1 tagged with mCherry at the C-terminus (pPS1 vector), which was introduced
to the flc1Δ strain by biolistic transformation. Figure 3.13 showed that mcherry-tagged Flc1
localizes to the vacuoles in the C. neoformans cells.

Deletion of FLC1 sensitizes the cells for the combination of osmotic and temperature shock
and affects vacuolar fusion.
The ML-like domain and the TRP domain in the amino acid sequence of Flc1 suggest
potential homology of this protein to mucolipin 1. Human mucolipin 1 is a transient
receptor potential channel with an essential role in calcium homeostasis, vesicle fusion,
and autophagy (Schmiege et al. 2017). To investigate the potential functional homology of
Flc1 to Mucolipin-1 we decided to focus on the connection of mucolipin-1 with the TOR
pathway as well as on the potential role of mucolipin in osmotic balance (Li et al. 2016).
Surprisingly, flc1Δ cells were sensitive to the combination of osmotic and thermal stress
(Figure 3.14). In contrast to the data presented in C. deneoformans, deletion of FLC1 in C.
neoformans significantly increased sensitivity to TOR complex 1 (TORC1) inhibition induced
by rapamycin and caffeine (Zhang et al. 2019). To analyze further the effect of osmotic
shock combined with high temperature stress, we examined cells under the microscope.
Addition of sorbitol to the cells incubated at 37°C resulted in accumulation of large
vacuoles in WT cells, as judged based on DIC microscopy and the fluorescent signal of the
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membrane stained with FM4-64. The majority of WT cells and the complemented mutant
had a large vacuole (>1.5µm), but in flc1Δ cells, formation of a single large vacuole was
disturbed (Figure 3.15). To explore the potential involvement of calcineurin in vacuolar
formation, cells were incubated with addition of the calcineurin inhibitor – cyclosporine A
(CsA). Inhibition of calcineurin had a visible impact on vacuolar size (Figure 3.16A). The
average size of vacuoles in CsA-treated WT cells was identical to the size of vacuoles in cells
lacking Flc1 that were not treated with CsA (Figure 16 B). To test the hypothesis that Flc1
may play a role in the TOR pathway cells were incubated with addition of rapamycin, the
inhibitor of the TOR pathway. Addition of rapamycin significantly improved ability of flc1Δ
cells to form large vacuoles. These data suggest that constant activation of TORC1 in cells
lacking Flc1 is responsible for the problem with vacuolar fusion preventing cells from
forming large vacuoles. (Figure 3.17).

Deletion of FLC1 has a negative impact on the process of autophagy.
Autophagy is a catabolic process induced by changes in nutrient availability that
requires activation of membrane trafficking mechanisms to form vacuoles that may be
fused to autophagosomes (Jiang et al. 2020). To evaluate the importance of Flc1 in the
response to starvation, cells were spotted on synthetic YNB media w/o amino acids and
ammonium sulfate. A spot growth assay confirmed previous findings from C.
deneoformans suggesting that Flc1 is involved in the response to starvation (Figure 3.18A).
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The process of autophagy requires mobilization of complex molecular machinery,
including activation of autophagy related genes (ATG). In our study we focused on the
ubiquitin-like protein Atg8, which plays an important role in autophagosome maturation
in yeast cells (Xie, Nair, and Klionsky 2008). The recruitment of Atg8 is one of the triggers
of vesicle expansion, and its concentration on the membrane corelates with vesicle size
(Kabeya et al. 2000; Kirisako et al. 1999). To further analyze the impact of FLC1 deletion on
autophagy, we introduced Atg8-mCherry to the flc1Δ mutant by mating. Deletion of FLC1
did not disturb localization of Atg8 on the small vacuoles, but rather inhibited vacuolar
fusion disabling formation of the autophagosomes (Figure 3.18B).
Vacuolar fusion requires the physical presence and activation of the vacuolar H+ATPase membrane sector and one of the major regulators of V-ATPase assembly is TORC1dependent Sch9 kinase (Deprez et al. 2018; Urban et al. 2007). A recent study suggested
that the process of vacuolar fusion and fission is altered by the changes in pH (Baars et al.
2007; Wickner 2002). To test the potential sensitivity of the flc1Δ cell to changes in the pH,
we decided to perform a spot growth assay on YPD media with different pH levels (pH5,
pH7, pH8) and incubate cells for 3 days at 24°C and 37°C. Deletion of FLC1 or SCH9 did not
have a negative impact on cell growth on media with acidic or basic pH (Figure 3.19).
Deletion of FLC1 alters capsule size.
One of the most prominent virulence factors of C. neoformans is its capsule, which
is composed of two major polysaccharides: glucuronoxylomannan and galactoxylomannan
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(Zaragoza et al. 2009). Capsule, with its strong antiphagocytic properties, plays an essential
role in the inhibition of processing and presentation of antigens by macrophages
(Vecchiarelli et al. 1994). In our study, the flc1Δ mutant strain was tested for its ability to
form capsule in capsule inducing conditions: DMEM media with 10% FBS at 37°C with 5%
CO2 (Figure 3.20A). Capsule inducing condition typically promotes enlargement of the
vacuoles, but observation of the cells under differential interference contrast (DIC)
confirmed the problem with proper vacuolar formation in flc1Δ mutant cells (Figure 3.20B).
The deletion of FLC1 significantly reduced the average capsule size compared to wild type
and the complemented strain (Figure 3.20C).
Flc1 is essential for survival of C. neoformans cells in the macrophages.
Macrophage survival assay performed on WT, flc1Δ, and flc1Δ::FLC1 strains was
conducted by our collaborators from James Andrew Alspaugh’s lab at Duke University. WT,
flc1Δ and complemented mutant strains were opsonized with anti-GXM 18B7 antibody and
co-cultured with macrophages (J774A.1). Fungal cell survival analysis was performed 24 h
after phagocytosis stage. Analysis of viability of the phagocytosed cells revealed a dramatic
decrease (98%) in survival of the flc1Δ strain when compared to the WT strain (data not
included).

Role of Flc1 in fluconazole resistance and melanin production.
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Melanin is yet another important virulence factor produced by C. neoformans (J D
Nosanchuk et al. 1999). Melanin is composed of phenolic and indolic polymers and plays
an important role in reducing the toxicity of reactive oxygen species and antifungal drugs
(D. and Arturo 2006; Joshua Daniel Nosanchuk, Ovalle, and Casadevall 2001). In contrast
to previous findings from C. deneoformans, the flc1Δ knockout did not affect the
production of melanin in C. neoformans (Zhang et al. 2019). Interestingly, deletion of FLC1
showed only a minor increase in sensitivity of C. neoformans cells to fluconazole (Figure
3.21).

Negative impact of Flc1 deletion on formation of titan cells and virulence of C. neoformans.
To test the potential involvement of Flc1 in virulence, we analyzed the ability of WT
and mutant cells to create titan cells. Titan cells are enlarged, polyploid cells that play
important roles in pathogenesis and alteration of host immune responses (Dambuza et al.
2018; N. et al. 2012). Here we found that flc1Δ cells are unable to survived in titan cells
inducing conditions.
To further assess the impact of Flc1 on virulence, we tested the pathogenicity of
the flc1Δ mutant in the Galleria mellonella infection model (Tsai, Loh, and Proft 2016). The
virulence of the WT, flc1Δ and flc1Δ::FLC1 was tested at 30°C and 37°C. Inoculation of the
larvae with the wild type and complemented strain resulted in death of all tested larvae
within 9 and 6 days for groups incubated at 30°C and 37°C, respectively (Figure 3.22). Most
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of the larvae inoculated with the deletion strain survived until the end of experiment
suggesting that Flc1 is essential for the Cryptococcal virulence in Galleria mellonella
infection model.
The pathogenicity of the mutant was further tested by a virulence assay in mouse
model of cryptococcal infection. Our collaborators from Michal Olszewski’s lab at the
University of Michigan performed the experiment where three populations of mice
(C57B6/J) were infected with wild type, flc1Δ mutant and the complemented strain (data
not included). All mice infected with wild type and complemented strains died within 21
days, but mice infected with flc1Δ mutant survived until the end of the experiment (Day
35) (Data not included).
In summary, elimination of Flc1 affects adaptation to human body temperature,
disturbs production of capsule and inhibits formation of titan cells, what likely leads to a
significant reduction of virulence. These data represent the first direct evidence that Flc1
play an important role in virulence of C. neoformans.

DISCUSSION
In our study, we identify the existence of two groups of Flc homologues in fungal
species that belong to the division of Ascomycota and Basidiomycota. The majority of
homologous proteins classified into the subgroup B, which are very poorly characterized
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and require further investigation to explain the differences in molecular function between
those two subgroups.
The involvement of Flc1 homologues in calcium homeostasis and response to
osmotic stress has been previously reported in other fungal species (Bok et al. 2001; Kume
et al. 2017; Ma et al. 2011; Palmer, Aydar, and Djamgoz 2005; Rigamonti et al. 2015). In
the present study, we confirmed that Flc1 in C. neoformans plays a significant role in
mediation of calcium signaling and regulation of calcineurin pathway. As a result of FLC1
deletion, cells displayed increased level of cytoplasmic calcium and increased sensitivity to
elevated external calcium at high temperature, confirming involvement of Flc1 in calcium
signaling and response to high temperature stress. In the current model of the high
temperature stress response, calcium signaling plays an essential role in the activation of
calcineurin and any interruption of Ca2+ release leads to malfunction of the system that
regulates adaptation to heat shock. Abnormal activation of calcineurin pathway can be
detected by observation of one of its downstream targets, the Crz1 transcription factor. At
room temperature, the localization of Crz1 in the wild type is normally cytoplasmic, but in
cells lacking Flc1 we can observe significant translocation of Crz1-mCherry signal to the
nucleus at room temperature. In contrast to the wild type strain, nuclear localization of
Crz1 in flc1Δ mutant is more noticeable in cells cultured at 37°C, moreover the wild type
cells transferred from high to room temperature show a transition of Crz1-mCherry signal
to the cytoplasm for most of the cells within 15 min but in flc1Δ after heat stress Crz1
transition is inhibited.
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Adaptation to drastic osmotic changes that occur when C. neoformans is
successfully transmitted to the host is essential for survival. The composition, polarization
and fluidity of the plasma membrane are important parameters in the stress resistance of
a yeast cells. Our findings that deletion of Flc1 results in increased sensitivity towards high
osmolarity stress at 37°C are consistent with the data from S. cerevisiae that suggest Flc1
homologues are important for hypertonic stress-induced calcium release (Rigamonti et al.
2015). Moreover, the findings in S. pombe suggest that Pkd2, a homologue of Cryptococcal
Flc1, could play an important role in the regulation of the turgor pressure by controlling
the calcium influx (Morris et al. 2019). This role was previously proposed for some of the
TRP channels in animal cells (Sun et al. 2018; Tedeschi et al. 2019).
Integrating our observations and the results from the present study, we propose
that Flc1 is an essential protein for the proper regulation of calcium homeostasis and in
consequence, calcineurin pathway. Additionally, Flc1 is important for integrating
responses to heat stress and high osmolarity.
In addition to regulation of Ca2+ and modulation of response to osmotic and heat
stress, Flc1 is important for cell wall integrity. Deletion of FLC1 dramatically increased
sensitivity to cell wall damaging agents in C. neoformans cells incubated at the human body
temperature and affected deposition of chitin in the cell wall. Our study showed that
overaccumulation of chitin is more common in cells exposed to temperature or osmotic
stress, as well as in cells at the stationary phase of growth curve. Those results support
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previous findings in S. pombe, where production of Pkd2 depends on the phase of the cell
growth. The highest level of Pkd2 production was observed during the exponential phase
while during the stationary phase production was dramatically reduced (Aydar and Palmer
2009). Consistently, FLC deletion mutants presented increased sensitivity to cell wall
damaging agents in S. cerevisiae and disruption of PKD2 expression in S. pombe, reduced
the amount of β-glucan in the cell wall, and sensitized cells to zymolyase treatment
(Palmer, Aydar, and Djamgoz 2005; Protchenko et al. 2006).
We also detected changes in septin localization in flc1Δ strains. In the deletion
mutant cells, septin Cdc12 displayed atypical localization corelated with localization of the
chitin spots. Taken into consideration that deletion of flc1Δ increased chitin deposition at
the mother bud neck in budding cells we hypothesize that functional Flc1 is important for
process of septin ring disassembly after completion of cell division.
The fungal homologues of Flc1 can be found in multiple intracellular organelles
including vacuoles, ER, Golgi apparatus and plasma membrane (Aydar and Palmer 2009;
Bok et al. 2001; Morris et al. 2019; Rigamonti et al. 2015). In our study, Flc1 localized to
the vacuoles in C. neoformans cells. Interestingly, deletion of Flc1 caused a significant
decrease of vacuolar size in cells exposed to the combination of temperature and osmotic
stress. This phonotype was rescued by inhibition of TORC1 complex with rapamycin.
Interestingly, in S. cerevisiae expression of Flc2 was significantly increased (~2-fold change)
in cells treated with TOR inhibitors (Torin2, Rapamycin and Caffeine) (Kumar et al. 2018).
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When spotted on minimal YNB medium, the deletion mutant showed severe growth
defects indicating potential problem with low nutrition response. Microscopic analysis of
autophagy related Atg8 in flc1Δ mutant exposed to starvation confirmed our previous
observations that elimination of Flc1 prevents vacuolar fusion in the C. neoformans cells.
In mammalian cells mucolipin 1 (MCOLN1) is involved in regulation of TORC1 pathway by
activation of calmodulin / calcineurin pathway (Sun et al. 2018; Tedeschi et al. 2019;
Venkatachalam, Wong, and Montell 2013). We speculated that Flc1 may be involved in
regulation of vacuolar fusion and autophagy by modulation of TORC1 pathway activity in
fungal cells.
Our findings demonstrated that Flc1 is required for virulence of C. neoformans in
Galleria mellonella and mouse infection model. The impaired virulence and reduced
viability in macrophages of the deletion mutant described in this study relate to decreased
size of the capsule and inability to form titan cells. Additionally, impaired virulence of the
flc1Δ mutant could be related to changes in intracellular calcium homeostasis. Previous
studies indicated many genes related to calcium signaling and transport that play
important role in modulation of virulence in C. neoformans and other fungi (Alexander et
al. 2009; Kmetzsch et al. 2010; Park et al. 2016; Weihua et al. 2007).
In conclusion, our data demonstrated that Flc1 is important in multiple cellular
processes including cell wall maintenance, calcium signaling and virulence in C.
neoformans. Importantly, Flc1 is also involved in mechanisms of response to temperature
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and osmotic stress. In, my opinion Flc1 play important role in regulation of calcineurin and
TORC1 pathways in C. neoformans illustrated in the Figure 3.23. Further studies are
needed to better understand the role TRP-like proteins in in C. neoformans and other
fungal species.

FIGURES
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Figure 3.1 Graphical representation of multiple sequence alignment for human
Mukolipin1, Policystin2, and fungal homologues of Flc1.
(A) This method highlights conserved, and less conserved columns based on relative
entropy threshold for each residue. More conserved columns are highlighted with red
color and less conserved columns are highlighted with blue color. (B)Table represents
name of the protein used in the alignment and name of the species.
Phylum
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Basidiomycota

C. neoformans
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21.89%

1284

TRP
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TRP
(PF06011)

UMAG_10761

28.35%
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11.92%
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TRP
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U. maydis

S. cerevisiae
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Ascomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Flc1

22.88%

793

Flc3

22.83%

802

Flc2

22.04%

783

YOR365C

20.00%

703

Pkd2

20.66%

710

Trp663
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687

Trp1322

17.04%

862

FlcA

22.40%
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723
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718

Flc1

20.00%
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17.99%
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20.72%
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23.13%
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22.67%
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21.59%

948
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1448

CIMG_00557

21.97%
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ML -like
(PF14558)
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(PF14558)
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(PF06011)
TRP
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(PF06011)
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ML -like
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TRP
(PF06011)
TRP
(PF06011)
TRP
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ML -like
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(PF14558)
ML -like
(PF14558)
ML -like
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TRP
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TRP
(PF06011)
TRP
(PF06011)
TRP
(PF06011)
TRP
(PF06011)

ML -like
(PF14558)

TRP
(PF06011)

S. pombe

A. fumigatus

C. albicans

N. crassa
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Chytridiomycota

Mucormycota

Entomophthoromycota

Glomeromycota

CIMG_00975

24.01%

709

CIMG_04454

18.47%

1184

SeMB42_g07274

17.36%

649

SeMB42_g00607

14.69%

1712

HMPREF1544_11895

17.45%

818

HMPREF1544_10413

15.15%

697

DSO57_007389

20.33%

674

DSO57_021266

20.33%

629

DSO57_013808

21.70%

577

RIA79284

15.36%

725

RIA95107

21.51%

281

RIA93982

20.64%

744

RIA94843

21.55%
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ML -like
(PF14558)
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TRP
(PF06011)
TRP
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S.
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(PF06011)
TRP
(PF06011)
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TRP
(PF06011)
TRP
(PF06011)

ML -like
(PF14558)
ML -like
(PF14558)

TRP
(PF06011)
TRP
(PF06011)
TRP
(PF06011)

E. muscae

G.
cerebriforme
TRP
(PF06011)
TRP
(PF06011)
TRP
(PF06011)
TRP
(PF06011)

Table 3. List of the proteins with significant homology to C. neoformans Flc1.
Homologues of Flc1 have been found among representative species of all fungal phylum.
Characteristic feature of all homologues of Flc1 is the TRP proteins (PF06011) domain
within aa sequence. Most of the FLC homologues from Ascomycota, Basidiomycota and
Entomophthoromycota possess ML-like (PF14558) domain within its sequence. In contrast
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to other species, homologues of Flc1 in phylum Mucormycota contain ML protein
(PF02221) domain.

Figure 3.2 Phylogenetic tree of proteins containing TRP domain.
Analysis was performed with proteins from fungal species that belong to Ascomycota,
Basidiomycota and Mucormycota. Phylogenetic analysis was performed using NeighborJoining Method.
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Figure 3.3 Deletion of FLC1 impairs intracellular calcium homeostasis.
(A) C. neoformans Flc1 is involved in calcium tolerance at high temperature. Ten-fold serial
dilution of wt, flc1Δ mutant and flc1::FLC1 complemented cell cultures were plated onto
YPD plates containing 250 mM CaCl2 and 1 mM of BAPTA. Plates were incubated for 2 days
at 24°C or 37°C. (B) Deletion of FLC1 influences the relative cytoplasmic calcium
concentration. The relative level of intracellular calcium was measured with calcium
sensitive dye Fluo-3 AM.
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Figure 3.4 Illustration of the calcineurin pathway.
The calcineurin-Crz1 pathway is essential for regulation of temperature stress response
and cell wall maintenance. Activity of calcineurin depends on the cytoplasmic calcium
levels.
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B

Figure 3.5 Observation of changes in Crz1 localization in WT and flc1Δ cells.
(A) In wt cells incubated at 24°C Crz1-mCherry localizes in the cytoplasm. Incubation of
the cells at 37°C promotes translocation of Crz1 to the nuclei. 15min after the transfer of
cells from high to room temperature majority of WT cells exhibit cytoplasmic localization
of the Crz1-mCherry and after 60 min Crz1 localization revert to the normal state. The
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nuclear localization of Crz1 in flc1Δ mutant cells incubated at 24°C and 37°C is more intense
that in WT cells. Crz1 remain in the nuclei in flc1Δ cells after the transfer form high to room
temperature. Scale bar 5µm. (B) Quantification of the ratio of nuclear/cytoplasmic
fluorescence of Crz1-mCherry (n>90).
A

B

Figure 3.6 Changes in Crz1 localization in flc1Δ are caused by alternation in calcineurin
regulation.
Inhibition of calcineurin prevents high temperature induced translocation of Crz1 to the
nuclei in (A) wt and (B) flc1Δ mutant cells. Quantification of nuclear/cytoplasmic
fluorescence of Crz1-mCherry in cells treated with cyclosporin A (CsA; 100 μg/ml). Cultures
were incubated at 24°C or at 37°C (n>90).
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B

Figure 3.7 Deletion of Flc1 has a negative effect on cell wall integrity in C. neoformans.
(A) Ten-fold serial dilution of wild type, flc1Δ mutant and flc1::FLC1 complemented cell
cultures were plated onto YPD plates containing 3.5 mg/ml Calcofluor white and 0.8%
Congo red. Plates were incubated for 2 days at 24°C or 37°C. (B) Imaging of chitin
overaccumulation in cells lacking Flc1. Refreshed overnight cultures of wt, flc1Δ mutant
and flc1::FLC1 were stained with calcofluor white and examined under fluorescent
microscope. Scale bar represents 5 µm.
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Figure 3.8 Cell wall damage in flc1Δ cells can be stimulated by stress factors.
Graph represents percent of cell population with visible defect in chitin overaccumulation
in WT and flc1Δ mutant. Cells were incubated at various conditions (24°C, 37°C, 37°C with
1M sorbitol and 37°C with 1 ng/ml rapamycin) for 18 hours and refreshed for 4 hours
before microscopic observation. Cells were stained with calcofluor white and
photographed. Experiment was performed in three biological replicates.
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Figure 3.9 Overaccumulation of chitin spots in the flc1Δ cell corelates with stationary phase
of cell culture growth.
Microscopic analysis of flc1Δ cells stained with calcofluor white indicated increased
number of cells with cell wall defect among cells in stationary phase of growth.
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Figure 3.10 Microscopic observation of septin Cdc3 tagged with mCherry in flc1Δ cells.
Epifluorescent microscopy displayed disorder of septin localization in flc1Δ mutant,
correlated with chitin patches distribution in the cell wall. Cells were stained with
Calcofluor white. Scale bar represents 5 µm.
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Figure 3.11 Microscopic observation of Bud4 protein tagged with mCherry in flc1Δ cells.
Epifluorescent microscopy showed no signs of colocalization for Bud4 and chitin patches.
Cells were stained with Calcofluor white. Scale bar represents 5 µm.
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Figure 3.12 Deletion of the gene encoding septin Cdc12 does not prevent formation of
chitin patches in flc1Δ mutant cells.
Microscopic observation of cells stained with calcofluor white presented no visible effect
on reduction of chitin patches in double deletion mutant (flc1Δ cdc12Δ). Scale bar
represents 5 µm.
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Figure 3.13 Localization of Flc1 in C. neoformans.
Flc1 localizes to the vacuoles in C. neoformans cells, as shown by fluorescent microscopy
of Flc1-mCherry fusion strain cells. In cells incubated at 37°C, mCherry-tagged Flc1,
indicated with red color, localizes to the vacuoles (visible in the DIC image). Blue color
indicates nuclei stained with Hoehchst dye. Scale bar represents 5 µm.
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Figure 3.14 Spot assay on media with sorbitol and TORC1 inhibitors.
Deletion of Flc1 increases sensitivity of C. neoformans to TORC1 inhibition and combination
of osmotic and thermal stress. (A) Ten-fold serial dilution of WT, flc1Δ mutant and
flc1::FLC1 complemented cell cultures were spotted onto YPD plates containing 1M
sorbitol, 3 ng/ml rapamycin and 1mg/ml caffeine and incubated for 2 to 5 days at 24°C and
37°C.
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B

Figure 3.15 Analysis of vacuoles in cells exposed to thermal and osmotic shock.
Combination of osmotic and temperature stress does not promote formation of large
vacuoles in flc1Δ mutant cells. (A) WT and and flc1Δ::FLC1 complemented cells incubated
for 4 hours at 37°C in YPD media with addition of 1 M sorbitol forms large vacuoles.
Formation of the vacuoles is disturbed in flc1Δ cells. Vacuoles are visualized with FM4-64
dye and cell nuclei are visualized with Hoechst staining. Scale bar represents 5 µm. (B) Bar

189

graphs represent average size of the largest vacuoles in the cells (n>80). Average size of
the vacuoles in flc1Δ cells differed significantly from that of the positive control (P < 0.001,
T- test).
A

B
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Figure 3.16 Inhibition of calcineurin with CsA prevents formation of large vacuoles.
(A) WT and flc1Δ::FLC1 complemented cells incubated for 4 hours at 37°C in YPD media
with addition of 1M sorbitol and 100 μg/ml CsA. Scale bar represents 5 µm. (B) Bar graphs
represent average size of the largest vacuoles in the cells (n>80).
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Figure 3.17 Inhibition of TORC1 with rapamycin promotes formation of large vacuoles in
flc1Δ mutant.
(A) WT and and flc1Δ::FLC1 complemented cells incubated for 4 hours at 37°C in YPD
media with addition of 1 M sorbitol and 1 μg/ml rapamycin. Scale bar represents 5 µm. (B)
Bar graphs represents average size of the largest vacuoles in the cells (n>80).

A

B
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Figure 3.18 FLC1 gene is required for growth in low nutrient condition.
(A) Ten-fold serial dilution of wt, flc1 mutant and flc1Δ::FLC1 complemented cell cultures
were spotted onto YPD and YNB medium and incubated at 24°C. (B) Overnight cultures of
WT and flc1Δ mutant were collected, washed and incubated for 4 hours in YNB media to
induce process of autophagy. Observation of Atg8-mCherry localization revealed that
deletion mutant cells display problem with vacuolar fusion in low nutrient conditions.
Scale bar represents 5 µm.

Figure 3.19 Deletion of FLC1 and SCH9 does not have negative effect on cell growth in high
and low pH.
Ten-fold serial dilution of wt, flc1Δ mutant, flc1Δ::FLC1 and sch9Δ cell cultures were
spotted onto YPD plates with different pH (pH5, pH7 and pH8) and incubated for 2 days at
24°C and 37°C.
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B

C

Figure 3.20 Flc1 is important for capsule formation.
To induce capsule formation, cells were grown for 72 hours in DMEM media with 10% FBS
at 37°C with 5% CO2 and photographed. (A) Capsules were visualized with India ink. (B) DIC
images of cells incubated in capsule inducing media indicate problem with proper vacuolar
formation in flc1Δ mutant cells. Scale bar represents 5 µm. (C) Bar graphs represent
average size of the capsule in each strains (n>50). Average capsule size of flc1Δ mutant
cells differed significantly from that of the positive control (P < 0.001, T- test)

194

Figure 3.21 Role of Flc1 in fluconazole resistance and melanin production.
Ten-fold serial dilution of wt, flc1Δ mutant and flc1::FLC1 complemented cell cultures were
spotted onto YPD, YPD with 8 µg/ml fluconazole and L-DOPA media.
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Figure 3.22 Survival curve of the Galleria mellonella infected with PBS, wt, flc1Δ mutant
and flc1Δ::FLC1 strains of C. neoformans.
Each larvae were injected with 5 µl of inoculum into the last right proto-leg with a total of
105 cells. Infected larvae were separated into two groups and incubated at (A) 30°C or (B)
37°C. In both groups survival curve for larvae inoculated with deletion mutant differed
significantly from that of the positive control (P < 0.0001, Mantel-Cox test; P < 0.0001,
Gehan-Breslow-Wilcoxon test).
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Figure 3.23 Potential role of Flc1 in regulation of calcineurin and TORC1 pathways in C.

neoformans. Flc1 is potentially responsible for negative regulation of both calcium
dependent calcineurin pathway and TORC1 pathway in C. neoformans. Image was
created with Biorender software (https://biorender.com/).
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Strain

Origin

Genotype

PS43

H99

flc1Δ::NAT

PS44

H99

flc1Δ::NAT FLC1-mCh:NEO

H99

LK141
PS46

mCherry-CRZ1:NAT
PS43;LK141

LK62
PS48

CDC10-mCherry:NEO
PS43;LK62

E85
PS50

PS43;E85

flc1Δ::NAT BUD4-mCherry:NEO
cdc12Δ::NEO

PS43; LK174

LK367
PS55

flc1Δ::NAT CDC10-mCherry:NEO
BUD4-mCherry::NEO

LK174
PS52

flc1Δ::NAT mCherry-CRZ1:NAT

flc1Δ::NAT cdc12Δ::NEO
cna1Δ::NEO

PS43; LK367

flc1Δ::NAT cna1Δ::NEO

LK310a

mCherry-ATG8:HYG

PS57

flc1Δ::NAT mCherry-ATG8:HYG

Table 4. List of strains used in this study.
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